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The pmpose of this review was to integrate the most recent and relevcant investigations on 

the auto-oxidation of fuel oils and their reforming into hydrogen-rich gas that conld serve 

as a feed for fiiel cells and combustion systems. We consider the incorporation of partial 
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oxidation under cool flame conditions to be a significant step in the reforming process for 

generation of hydrogen-rich gas. Therefore, we have paid particnlm attention to the 

partial oxidation of fiiels at low temperatnre in the cool flame region. This is still not a 

well-understood featnre in the oxidation of fiiels and can potentially serve as a precursor 

to low NO, emissions and low soot formation. Pretreatment, including atomization, 

vaporization and burner technology are also briefly reviewed. The oxidation of reference 

fuels (n-heptane C7H16, iso-octane CaHls and to a lesser extent cetane Cl~H34) in the 

intermediate and high temperahire ranges have been stndied extensively and it is 

examined here to show the significant progress made in modeling the kinetics and 

mechanisms, and in the evaluation of ignition delay times. However, due to the complex 

nature of real fuels such as petroleum distillates (diesel and jet fuel) <and biofnek, much 

less is known on the kinetics and mechanisms of their oxidation, as well as on the 

resulting reaction prodncts formed during partial oxidation. The rich literature on the 

oxidation of fiiels is, hence, limited to the cited main reference fiiels. We have illso 

covered recent developments in the catalytic reforming of hiels. In the presence of 

catalysts, the fiiels can be reformed throngh partial oxidation, steam reforming and 

autothermal reforming to generate hydrogen. Bnt optimnm routes to produce cost 

effective hydrogen hiel from conventional or derivative fuels are'still debatable. It is 

suggested that the use of prodncts emanating from partial oxidation of fiiels under cool 

' t i .  
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flame conditions could be attractive in such refoiming processes, but this is as yet 

untested. The exploitation of developments in oxidation, combustion and reforming 

processes is always impacted by the resulting emission of pollutants, including NO,, SO,, 

CO and soot, which have an impact on the health of the fragile ecosystem. Attention is 

paid to the progress made in innovative techniques developed to reduce the level of 

pollutants resulting from oxidation and reforming processes. In the last part, we 

summarize the present status of the topics covered and present prospects for fiihire 

research. This information forms the basis for recommended themes that are vital in 

developing the next generation energy-efficient combustion and fiiel-cell technologies. 

[Keywords: Cool flame, Oxidation, Combustion, Fuel oils, Kinetics, Riel cell, Fuel 

reforming] 
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1) Intrciduction 

As a sonrce .of energy, fossil fuels have a tremendous impact on the planet in different 

ways, including human welfare and the environment. In order to deal with the problem of 

petroleum derived fiiels as a source of energy, and also, as a source of pollution, scientists 

are investigating the means to improve the yield of energy conversion with a minimnm 

level of toxic efflnents. This is possible by making engines and burners more efficient, 

removing impurities such as sulfur and nitrogen from fiiels, lowering soot and coking, 

which are precursors to carcinogenic polyaromatic hydrocarbons (PAH). SO,, NO,, COz 

and paticnlate emissions all contribute variously to acid rain, photochemical smog, green 

house effects and desti-tiction of ozone in the stratosphere [l-31 and may lead to global 

warming and severe damages to the ecosystem health. 

In the dawn of this twenty-first century, fossil fuels remain the main source of energy 

for the planet and by far exceed geothermal, wind and solar energy. Nuclear energy was 

considered very promising in the 1970s until mid 1980s till incidents snch as that at 

Chernobyl disaster made this path questionable. Hydrogen is an environmentally friendly 

and “clean” fuel. Despite its abundance in the hydrosphere, generating hydrogen by 

electrolysis from water is still not economical. However, the oxidation of conventional 

gaseous and liquid ftiels, including nahiral gas, petroleum distillates (gasoline, diesel and 

Jet-fiiels) and biodiesels to light hydrocarbons and oxygen-contai~ng. substances, may 

form a major step in the preparation of the fuel for reforming and production of hydrogen 

for use in fuel cells. The hiel cell, an attractive but challenging technology, transforms 

chemical energy directly to electrical energy, with less pollution when compared to 

buining fossil fuels [4]. It is well lcnown that hydrogen is the best-suited hiel for fuel cell 
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systems; unfortunately hydrogen intrastnictnre costs are currently unacceptably high 

compared to the existing natnral gas or petroleum distillate facilities [5]. Although 

methanol can yield an appreciable proportion of hydrogen throngh its transformation into 

synthesis gas (Hz + CO) [61, still it is a secondary derivative €tiel and reqnires new 

infrastrncture. Therefore, on station or onboard processing of nahiral gas and petrolenm 

distillates remains a viable alternative for the generation of hydrogen and will be 

discnssed in detail in the third part of this paper. Bnt prior to that and to shed more light 

on the partial oxidation of complex hiels like diesel and jet propulsion (JP) oils, we focus 

on the oxidation of reference fiiels and their mixtures, especially at low temperatures in 

the cool flame region. This phenomenon is still not well understood and may play a 

significant role in the formation of the reaction prodncts prior to reforming, as well as in 

snbseqnent low NO, emission systems [7-8]. 

During the last decade, progress has been made in the experimental and theoretical 

modeling of thc kinetics and l’ormation of reaction products during the oxidation 
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reactions of reference fiiels [9-131. Indeed, numerous shidics have been carried ont on the 

oxidation and conversion of major (single component) reference fuels, such as n-heptane 

[10,14], iso-octane [lo] and n-hexadecane (cetane) [151. There is some study of mixhires 

of two single components, for example n-heptane and iso-octane [11] as surrogate to the 

multi-component and complex fnels used in internal combnstion engines. However, little 

is known on the details of conversion of complex fuels like diesel and JP oils, which are 
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23 

mixtures of a broad range of hydrocarbons, mainly composed of pardfins (sahirated 

alkanes), naphthenes (tmsahirated cyclics) and aromatics [ 16,171. 
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To the best of our knowledge, a literatnre review of the most recent relevant data 

integrating the research on the partial oxidation and combustion of hydrocarbons 

including commercial fiiels, as well as the reforming processes of various potential fiiels 

to generate hydrogen-rich gases as feed stock for fiiel-cell powered vehicles, is still 

lacking. Integrating the data of the oxidation at the cool flame regime and reforming of 

fiiels will shed more light on the effort done in both areas that is intertwined. The 

knowledge gained in the oxidation mechanisms of reference fiiels are needed to better 

understand the oxidative transformation of petroleum distillates such as gasoline and 

diesel, and also, biofiiels. Here, we will discuss the most recent investigations related to 

the oxidation and refoiming of fiiels for hiel cell technology as well as for burners, with 

regard to fnel preparation processes and experimental designs. The developments in the 

oxidation and reforming 'processes have always been impacted by the resulting emission 

of pollutants, namely NO, and soot. The numerons investigations on the oxidation of the 

m+ior reference hels  reviewed here, have constituted a basis for developing our project 

on both experimental and theoretical aspects related to the oxidation and refoiming of 

complex fiiels. The mechanisms of the fuel pyrolysis under oxygen-deficient conditions 

leading to the cracking of the hydrocarbons, is out of the scope of this paper and have 

been reviewed elsewhere 1141. 

The aim of this study is to integrate the recent relevant investigations on the anto- 

oxidation, combustion and reforming of fuels in addressing the following issues: (i) the 

fiiel preparation prior to the oxidation, including atomization, vaporization and the role of 

novel burners in the oxidation processes (ii) the fiindamental aspects of the oxidation and 
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combustion of fuels with emphasis on the low temperature processes in the cool flame 

regime as a significant step prior to reforming of the fuel, (iii) The reforming processes of 

fiiels into hydrogen-rich gas from methane, natnral gas, methanol, gasoline, diesel and 

biohiels; (iv) future prospects and the insights fiom the existing data'lhat will help to 

develop new processes integrating the oxidation of fuel oils at cool flame regime and 

their reforming into hydrogen-rich gas for fuel cell technology and (v) the impact of NO, 

and soot pollutants, on the oxidation and reforming processes and the evolution of 

technology. 

2) Preparation of fuels for oxidation: atomization and vaporization of fuels, burner 

and reactor concepts 

Th6 chemical composition and stnicture are inherent to the fuel, bnt the physical 

properties, including droplet size and distribution can be controlled by atomization prior 

to oxidation and reforming, and thus, an adequate preparation should resnlt in a 

maximum conversion of the liquid file1 with minimnm soot and NO, formation. Fig. 1 

depicts the m+jor themes illustrated in this review that will be used in our expeimental 

design: a) the preparation of the fuel consists in the atomization and vaporization, b) the 

fuel is partially oxidized in the reactor in the presence of preheated ,?ir at low temperahire 

under cool flame conditions and c) the reaction prodncts obtained at cool flame can be 

either catalytically reformed into hydrogen-rich gas for fuel cell systems or burned for 

combustion, heating purposes or other applications. 

Mixture preparation of liquid fiiels in many technical applications remains an 

important problem; uncontrolled atomization of liquid fuel leads to inhomogeneities in 
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the mixture and thns to the formation of pollutants [71. Indeed, it is worthwhile to briefly 

delineate some theoretical aspects of fiiel droplet vaporization, which plays an important 

role in determining aidfile1 mixing with a significant impact on the evolution of oxidation 

and combustion. Detailed information is given by Glassman [18], Sirignano [19] and 

Warnatz et al. [20]. 

In the original Spalding evaporation model, the droplet surface conditions are 

calculated from mass and energy balance [21]: 

d(4nr3p1/3)/dt = - dm/dt 

(1) 

(2) 4n2h,(T, - T) = mclT + (dmldt)Ly 

where r is the droplet radius, T the droplet temperature, c, and p~ are the specific heat and 

density of the liqnid, L, the latent heat of vaporization, T, the ambient temperature, h- 

the convection coefficient and dnddt the mass transfer rate. For the model, the internal 

14 temperature distribution described by 1D Fourier equation mnst be solved: 

15 3T/& = (k,/p,c,)( 1 /rz) [3(r%TDr)/3rl (3 1 
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Details o l  the theoretical considerations are out of the scope of this shidy. We only 

present the derived parameters, namely, the diameter of droplets as influenced by heating, 

vaporization, residence time and theoretical vaporization rate. The combustion of the 

dense cloud emerging from the fuel spray is modeled as an ensemble of single droplet 

combustion using several assumptions [20]. Therefore the rate of evaporating mass andat 

21 is: andat = (2nh,d/$,,)Ln(l + B) (4) 

22 where B is the Spalding transfer nnrnber: 

23 B = l&o& + Cp.g (T- - Thlkg ,  (5) 
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lLg, the thermal condnctivity of the gas phase; d, the droplet diameter; c ~ , ~ ,  the heat 

capacity of the gas phase, Ahh,,, the specific enthalpy of combustion; v, the stochiometric 

mass ratio of the oxidizer to the fnel; (T- - TJ, the difference between the temperatnre of 

the gas phase far away from the droplet and that at the droplet surface and hf,g, the 

enthalpy offormation of the gas phase. 

In the limit of pure evaporation with no reaction, Ahcom = 0, and thus: 

B = cp,g (T- - T&,g (5a) 

Also, M S t  = -(p,kd2/2)Jd/& = - (p,pd/4)dd2/3t ( 6 )  

From equation (6) one has: (7) ad2/& = - (SILg/plcp,g)Ln(l +E)  

Integration of equation 7 leads to the well-known d2-law for the droplet lifetime: 

d2(t) = d'o - Kt (8) 

with K = (81Lg/plc,,)Ln(l + B). It has been shown that the d2-law (eqnation 8) holds for 

mass and heat transfer with chemical reaction [18]. Three phases of droplet combustion 

can be identified: heating, fuel evaporation and combustion. Based on eqnation 9, the 

theoretical heating time th of droplet can be estimated [221: 

th = cp~p~cpg dzdT8 - Td121LgW + B~&v[(BrnBm - 111 (9) 

where T, - TSo, the difference between free stream and droplet surface temperatures; L, 
latent heat of vaporization; B n  and Bm, thermal and mass transfer numbers, which will 

be equal at quasi-steady conditions. In practice, equation 8 is used to estimate the 

diameter of the he1  droplets at any given temperahire. At a residence time t = % 

(complete evaporation of the droplet), d2(%) = 0, and thus, d20 = KT, or do = (KT)'.~ 
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Hence, for single component droplet vaporization, the distribution of fuel droplet size in a 

reactor can be estimated to characterize the type of burners. Theoretical approach to 

multicomponent droplet vaporization is out of the scope of this paper and has been 

presented by a number of investigators [23-271. 

The impact of drop size and initial momentum on the residence time and distance 

reqnired for complete combustion of fiiel with air atomized burners was stndied using a 

model incoiporating diffusion-limited combustion at different excess air levels [%8]. By 

measuring the drop size distributions in sprays from different atomizers, these authors 

[28] showed that the spray from pressure nozzles has mean diameters that vary with the 

flow and the design. They also observed that soot production is critically dependent on 

drop size. Active research is being carried out for the development of burner concepts 

based on low-pressure, air atomization with substantial advances, including low firing 

rates, low excess airhigh efficiency, modulation or two-stage firing rates, low NO, 

emissions and low electric power consumption [29-301. Also, an oil bnmer and a high 

temperahire burner for thermophotovoltaic (TPV) applications have been developed 

using the low-pressure air atomizer [29]. This air atomizer will be used in our project for 

the spray and gasification of droplets from petroleum based fiiels and biofiiels. Fig. 2 

illustrates a high-flow fan atomization burner (HFAB) head developed in this laboratory 

[31]. In this prototype system, the air tube and the flame tube are arranged in such way 

that most of the combustion air passes throngh the atomizer and forms the spray. A small 

fraction of the air (secondary air) passes ontward through radial holes in the center kibe 

into the air tube. This secondary air serves two purposes: a) supplies more air to the 

combustion zone to allow higher firing rates without increasing the nozzle diameter and 
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b) provides a small air flow through the annnlar space between the nozzle and the air tube 

to keep the electrodes cool and prevent backflow of cornbustion products, High 

recirculation rates lead to low NO, emissions and transparent blue flames. The level of 

NO, emission is about 40 % lower than in the conventional retention head burner [31]. 

Further, there is ongoing research on other burner concepts, including blue flame [32], 
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radiant and catalytic burners [33,34]. More details on burners and their applications are 

given elsewhere [35,36]. 

To separate the vaporization from the flame zone in an oil-fired burner for Stirling 

engines, Steinbach et al. [37] used the ignition delay time. The evaporation and mixing 

are carried out during the autoignition delay time. Tests in a continuous flow apparahis 

were conducted under atmospheric pressure in order to get a better understanding of 

ignition delay times and to avoid flashback into the vaporization and mixing zones, 

especially, when combustion air is preheated up to 873 K. A flow reactor test rig of higli- 

grade steel 1 in long and 10 cm jn diameter was used. The fuel is injected into an 

electrically heated mixture of combustion air and exhaust gas fiom an oil bnrner via a 

simplex nozzle. The autoignition delay time q in a flow reactor is calculated by: 

< i = L N  (10) 

where Lis the length of the flow reactor and V the average mixture velocity (flow rate) 

The tests showed that the autoignition delay times could be prolonged by a factor of 4 

when the recirculation ratio (mass flow of recirculated exhaust gas/mass flow of 

combustion air) is increased from 0 to 1.3. Thus, error free operation of a burner, which 

separates the vaporization from the flame zone, could be realized. 
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Premixing of fuel oil and air for the purpose of lean-premixed cornbustion in gas 

turbine combustors was studied experimentally with laser-induced fluorescence (LW) and 

numerically using a modified KIVA-3 code [27]. Three improved sub-models were nsed: 

1) a droplet-vaporization model inclnding mnltiple components and real-gas effects, 2) an 

improved droplet dispersion model (so-called linear-filter model), and 3) ii swirl 
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correction to the k-e hirbulence model. Considerable differences were found in fuel-vapor 

distribution when using different models. The simulation results were found to be 

sensitive to the initial Sauter mean diameter (SMD), in particular in the presence of air- 

swirl. Remaining discrepancies are supposed to originate either from a turbulence- 

modeling error and the occurrence of secondary droplet breakup, which was not modeled, 

or on the other hand, the assumption of proportionality between LIF intensity and he1 oil 

concentration. From the studies reported above, one can see that an adequate atomization 

and vaporization of the fiiel are paramonnt for an optimum oxidation reaction where the 

undesirable NO, and soot pollutants could be minimized. 

3. Oxidation and combustion of fuel oils 

During the previons decades, among potential hydrocarbons investigated as fiiel 

surrogates for oxidation and cornbustion studies, n-heptane has gained a major attention 

because it is found in relatively large amounts in commercial fuels like gasoline and 

kerosene [38] ‘and it is used as a reference €tiel for the definition of octane number (RON 

= 0). However, much less is known on the details of oxidation of petroleum distillate 

fiiels and biofiiels. Here, we have attempted to focus on the nature of the reaction 

products formed during the oxidation of such.fuels at low and high temperature, as well 
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we have paid attention to the conditions where the cool flame could be stabilized. In 

some shidies, therc are limitations that could be improved with new techniques and 
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instnimentation. In addition to being a preparatory step to the reforming process, the cool 

flame regime has an important role in combustion systems and could be a possible 

regulator for the autoignition delay time of fnels as will be discussed below. As depicted 

in Fig. 1, the reaction products stemming from the cool flame can be either rcformed into 

hydrogen-rich gas for €tiel cclls or can be combusted for heat. 

3.1. Oxidation of fuels at low temperature and in the cool flame regime 

At temperatures as low as 393 K, some fuel-air mixtures react chemically and 

produce very weak flames called cool flames that generate very little heat. The reaction 

has not gone to complete combnstion; rather the molecules brealc down and recombine to 

produce a variety of stable chemical compounds including alcohols, acids, peroxides, 

aldehydes and carbon monoxide [39]. The weak temperature rise is due to the heat 

produced by breaking and reforming of the he1  chemical bonds. Cool flame is an 

important and complex ignition phenomenon associated with multistage ignition. It is a 

faint pale blue luminescence, due to chemiluminescence of electronically excited 

formaldehyde, and occiirs preferentially under fuel rich conditions during degeneratc 

branching reactions in early combnstion 1401. Cool flames have been shidied since 1930s 

and their oscillatory nature has been recognized a few decades ago [41]. Thus, the 
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majority of workers consider the cool-flame to be a key part of reaction dnring which the 

bulk of the hiel is incompletely oxidized [42]. On the other hand, Shtern [43] considers 
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the cool flame to be a minor process, which plays little part in the overall reaction, since 

the cool flame oxidation and the slow comhustion are very similar in their chemical 

nature. During 1 9 7 0 ~  although not plentifiil, there were investigations inclnding some 

theoretical hypotheses on low temperature oxidation in the cool flame regime [40,44-481. 

More than three decades ago, Burgess et al. [49] shed more light on the controversy 

about aldehydes (RHO) and hydroperoxide (ROOH) candidate species causing cool 

llames in the gaseous oxidation of hydrocarbons. By measuring the concentration of 

hydroperoxide, they suggested that the chain-branching intermediates in the cool-flame 

oxidation of n-heptane, are hydroperoxides (ROOH). On the other hand, Barat et al. [50] 

showed that the highest total conversion of 3-ethylheptane (C7H16) to 0-heterocycles (lip 

to 42 %) takes place in the low-temperature slow-combustion region, whereas typical 

conversion in the cool-flame region is about 18 %. However, the conversion to olefins 

reached up to 60 % (Table 1). Also, they observed a decrease in the 0-heterocycles yields 

and an increase in beta-scission products with increasing octane number of the fiiel, 

which has an important implication with regard to atmospheric polltition from vehicle 

exhausts. It is likely that hydrocarbons beta-scission often results in alkenes that may 

react photochemically to form smog. 

Luck et al. [45] found remarkable similarities in the products formed and in their 

distribution in the different systems: single-cylinder experimental engine dnring fired and 

motored operation, low-pressurc “static” apparahis and a stabilized cool-flame flow 

reactor. It was conchided that the nahire 01 the chemical steps involved in cool-flame 
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oxidation play an important role in the processes leading to both; autoignition in motored 

engine and "knock" in a fired engine. In their study, it is asserted that these processes are 

essentially independent of pressure, reactant ratio and surface. Beside CO, COz and 

nnbnrned ftiel, a large number of products were identified and quantified in the low 

temperahne oxidation of n-heptane and iso-octane. Fig. 3 ontlines the reaction scheme of 

n-heptane oxidation showing the main possible reaction products. The major reaction 

products were abont 50 % Olefins (c4-C~) and abont 40 % oxygenates, mainly cyclic 

ethers (Table 2). The distribution of the intermediate products from the oxidation of low- 

molecnlar-weight hydrocarbons, iso-bntane, n-butane and n-pentane was stndied by 

Atherton et al. [51] in the temperature iange of 523-673 K and pressures from 9.3 to 26.3 

Wa. The data show that the variation of pressnre has only a little effect on the amonnt 

and distribution of the reaction products, which is largely dominated by oxygenates 

(Table 3). 

In order to fully explain the oxidation and combustion of fuels in the entire range of 

temperahires and for practical reasons as well, low temperatnre and cool flame regime 

phenomena have gained interest in the last few years [7,52-541. The low temperahire 

regime (523-673 K) can be divided into three regions: slow combustion, cool flame and 

the negative temperahire coefficient (NTC). In the cool flame region, periodic behavior 

has been observed occasionally [55]. The NTC is a uniqne phenomenon in hydrocarbons 

oxidation, in which the overall reaction rate decreases with increasing temperature and it 

represents a barrier for antoignition to occur. Also, these phenomena must be taken into 

account in any proposed mechanism for multistage ignition and for the modes of prodnct 

formation [42]. In the low-temperahlre region, the oxidation of hydrocarbons is a very 
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1 complex process involving different propagation and chain branching reactions, which 

2 can lead to the phenomena cited above. Slow combustion and the NTC dependence of 

3 reaction rate are wholly kinetic in origin, but oscillatory cool flame, single-, two- and 

4 multi-stage ignitions are consequences of the interactions of kinetics and heat release 

5 [52]. Ignition can occnr in adiabatic conditions, while cool flames reqnire heat losses. 

6 The model proposed by Gaffnri et al. [521, apparently, reprodnced quite well 
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thermochemical oscillations and the NTC region of the reaction rate for low-temperahire 

oxidation of n-heptane and iso-octane in a jet-stirred flow-reactor (JSFR), in terms of 

experimental freqnencies and intensities of cool flames. Also, very good agreement was 

observed for fnel conversion and intermediate species foimation. 

Using an appropriate techniqne, Mantashyan [56] was able to detect free radicals in a 

stabilized cool flame. For this, a small part of the gas flow was sampled from each 

section of a two-section flow reactor and Continuously directed at low pressure to a 

freezing pin at liqnid nitrogen temperahire inside the cavity of an electron paramagnetic 

resonance (EPR) spectrometer. The behavior of free radicals in propane and bntane 

oxidation shows that the cool flame appears as a result of self-acceleration of the chain 

reaction of hydrocarbon oxidation.. The temperahire increase due to self-heating or 

increased heating of a stabilized cool flame, leads to the decrease of radical 

concentrations in the temperature interval fiom 623-673 K followed by the cool flame 

disappearance. In addition, it was shown that there is a relationship between the cool 

22 

23 

flames and oscillations. Thus, small variations of the process parameters lead the 

stabilized cool flame into oscillatory regime. Low-temperature processes (initiation, 
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branching, propagation) are strongly dependent upon the size and stnicture of the fnel 

molecule 1571. In order to understand the kinetic steps that control the low-temperahire 

oxidation of linear and branched alkanes and their auto-ignition properties, Dagant et al., 

[58] measured the reactants, intermediates, and final products formed fiom n-heptane in 

three different oxidation regimes; cool klame, negative temperature coefficient and 

normal combustion. In addition, concentration profiles of the major cyclic ethers formed 

at low temperature were measured. The evolution of the transition from low to high 

temperature oxidation regime as a function of pressure was observed, showing the qnasi- 

disappearance of the negative temperature coefficient at 40 atm. This was interpreted in 

terms of formation and isomerization of the hirther reactions of hydroperoxyalkyl 

radicals. The stabilization of the excited intermediate QOOH* is favored when the total 

pressure is increased, which explains the disapperance of the NTC. 

The temperahire and chemical composition changes [59] were also investigated 

during the low-temperahire oxidation of stoichiometric n-heptane and iso-octane. The 

experiments were carried out in a stainless steel JSFR (volnme = 100 cm3), which 

operates at a pressure as high as 10 bar. The reactor was conditioned before the 

. 

experiments by burning rich hydrocarbodair mixtnre for several hours to reduce the 

occnrrence of heterogeneons reactions on the reactor walls. The significant presence of 

aldehydes in the products of n-heptane was attribnted to a degenerate chain-br,mching 

path involving the addition of molecnlar oxygen to hydroperoxide radicals and 

isomerization by internal H-atom abstraction. The latter step is particnlarly favored in 

linear allcanes where easy-to-abstract H-atoms are available. On the other hand, cyclic 
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ethers and fuel-conjugate olefins were the dominant products of the low-temperahire 

oxidation of iso-octane. Also, as a function of temperature, the conversion of n-heptane is 

higher than that of im-octane. There is H significant difference between low and high 

temperature oxidation mechanisms. The impact of temperatiire on the changes in the 

reaction path is clearly shown in Fig. 4 where the estimated selectivity of each reaction 

step is indicated from the lumped mechanism [14]. At high temperatnre, beta- 

decomposition reactions of alkyl radicals prevail over the oxygen addition reactions. 

Thus, the high temperature mechanism mainly involves interactions of oxygen and small 

radicals and olefins. At 820 K, the proportion of beta-decomposition prodncts, conjugate 

olefins and heterocycles (cyclic ethers) is predominant (up to 80 %), whereas the 

selectivity for ketohydroperoxide does not exceed 3 %. The low temperatiire mec'hanism 

is a complex process involving propagation and chain branching. At 620 K, a temperahire 

in the cool flame region, the addition of oxygen to the pcroxide radical is favored h d  the 

selectivity in ketohydroperoxide is prevalent (up to 80 %) (Fig. 4). It is suggested that the 

transition between low and high temperature mechanisms gives rise to a variety of typical 
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behaviors: such as damped and oscillatory cool flames or single and multi-stage ignitions 

Chen et al. [55] investigated the lean oxidation of iso-octane in, the low temp-urature 

regime. Approximately 50 % of the fuel was consnmed in 0.1 s at an equivalence ratio of 

0.05 (0.8 mmoles fiiel) and 0.9 MPa. GC analyses of the reaction products at different 

temperatures from 600 to 700 K showed 42 intermediate species. However, only, 16 of 

them were identified, which included two Cg conjugate olefins, three C, olefins, t h e e  Cg 
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cyclic ethers, iso-butene, propene, acetone, acetaldehyde, iso-butyraldehyde, and 2,2- 

dimethyl-propanal; methacrolein, and iso-butene oxide. The reaction mechanism 

followed the general one (Fig. 3), stating with iso-heptyl radicals x 'CQH~~,  which go 

through beta-scission to form smaller olefins and a radical. With addition of 02, there is 

formation of hydroperoxy radicals, which are significant in low-temperahire regime as 

mentioned above. Battin-Leclerc et al. [60] used the software system EXGAS of 

automatic generation of detailed mechanism to reprodnce the oxidation of n-heptane, iso- 

octane, n-decane and some binary mixtures. In addition to the experimental data, giving 

some of the reaction products at low and high temperatures, the inflnence of temperahire 

on the conversion of n-heptane and iso-octane was studied. The conversion of n-heptane 

reached a maximum level of 74 % at 650 K, then decreased through the NTC region to 40 

% at 750 K before rising again with increasing temperatnre (Table 4). On the other hand, 

the conversion of iso-octane was mnch lower and only reached 8 % in the same range of 

temperature. In the low temperature region and around the NTC, the fitting of the 

experimental data by the proposed theoretical model is still unsatisfactory. The difference 

between the experimental data and the fitting model reached LIP to 30 % in this range of 

low to intermediate temperahircs (Fig 5). Even the most recent and upgraded chemical 
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kinetic models [60,61] seem unsatisfactory and need to be improved. Ranzi et al. [14] 

anticipate that low and high temperatnre mechanisms of the oxidation process can be 

organized into a comprehensive kinetic scheme able to simulate the oxidation of natural 

21 gas, commercial gasoline and jet-fuels. 
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In view of the cited promising applications of the cool flame, the German group at 

Aachcn [7,53,62] conducted a detailed experimental procedure at the cool flame regime 

to partially oxidize numerous fiiels with initial boiling temperahire range of 231-830 K. 

They took into account the air-he1 mixhire and the inhomogeneities in the fuel-oxidizer 

distribution in the reactor to assess the impact on pollntants and soot formation. 

Homogeneous fuel-oxidizer mixhire was achieved by an atomization of the liquid 

leading to a partial or complete evaporation in a mixture of air and recircnlated product 

gas. Due to the well-known problems with the formation of deposits on the reactor wall 

during evaporation of liqnid fnels, contact of unburned fuel with hot walls should be 

avoided [53]. With an appropriate set ~ i p  of the paru.,meters (temperahire, equivalence 

ratio, flue gas) a partial chemical conversion of the fiiel was obtained. 

The direct addition of the fiiel to the preheated air can lead to an exothermic reaction 

and the resulting rise in temperahire may lead to ignition. The technical problem is solved 

for a fiiel with a boiling temperahire range (231-830 K), under the following 

characteristics: a) p 2 1 bar and temperahire of at least 520 to 880 K, C/O between 1:0.14 

to 1:25 and b) adjusting the residence time t of the mixture produced in the reaction 

chamber in step a) t > 25 ms at p 5 1 bar and limited removal of heat from the reaction 

zone via an inert gas flow. For a particular liquid fiiel, rise of the gas temperahire after 

addition of the fiiel may reach 453 K (Fig. 6). Some endothermic reactions may occ~ir, if 

overall, the reaction is isotheimal. Once the operating temperahire of the cool flame is 

defined, the cool flame regime can be stabilized. The rise in temperatnre for the oil 

shidied at atmospheric pressure begins at 583 K for an air/fiiel ratio of 0.7 to 2.0. For 
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fuel like diesel # 2, n-heptane or iso-octane, the initial temperattire of the system to create 

cool fl'me conditions should be over 583 K. The data show that the final temperatures of 

cool flames reach similar values independently of the type of fiiel (Fig. 7). By controlling 

the temperatnre within the range of cool flame with adjustment of heat loss from the 

reactor external wall, the ignition of a a snb-stoechiometric mixtnre can be avoided and 

the cool flames could be manipulated safely. It was observed that up to 813 K, no 

ignitions occnrred, whereas around 873 K, the mixhires ignite. Below 823 K, the ignition 

delay time was estimated to be over 1 s (Fig. 6), and thns, ignition can certainly be 

excluded. It is suggested [7,53] that under the above conditions and despite the small 

dependence of the coo1 flame on the boiling point of the fiiel, it is possible to prepare the 

cool-flame prodncts in a mixing chamber. 

Experimentally, the reactor used consists in a thin-walled high-grade steel pipe with a 

diameter of 10 cm and a length of 100 cm. Prior to premixing and to initiate the cool 

flame, the air flow mnst be preheated accordingly. The wall heat losses are limited by 

insulation, resulting in an initial temperattire from 583 to 723 K. The cool flame can be 

initiated by variation of the oil mass flow to obtain an equivalence ratio h = 

(02/F)/(02/F)do,ch of 0.3 to 2.0. Exothermic reaction of the cool flame resnlfs in a 

spontaneous temperatnre rise enabling a partial conversion of the €tiel. Due to the 

reaction-kinetic inhibition characteristic of the cool flame, the temperature rise of the 

mixhire is limited, so that ignition of the cool flame product (exhanst) is avoided. A 

maximum mixture temperahire of approximately 753 K results for the fiiel oil at 

atmospheric pressnre and is to large extent independent of the adjusted itit-fiiel ratio 1 
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[62] (Fig. 7). After cooling to ambient temperature, the products can be gaseous, liquid or 

aerosol. The resulting shoa molecular chain (smaller molecular weight) entities have a 

boiling temperature range under that of kerosene. 

The initial operating cool flame temperature can be lowered by recirculation of the 

reaction products. This process can maintain the cool flame for a longer time; thereby at 

sub-stoichiometric modes of operation, the compression ignition is inhibited. (On the 

other hand, reduction in the pressure will lower the initiating temperahire. Also, the 

9 

10 

11 

12 

13 

14 

15 

addition of a catalyst will help to decrease the activation energy necessary .for the 

initiation of the cool flame, and thus, lower the initiating temperature. For the production 

of synthesis gas (€12 + CO), it is necessary to vaporize the hel. From this gonp’s 

experience, the final temperature of the cool flame tends toward a constant value 

independently of the initial temperature. 

The condensed reaction products resulting from the cool flame procedure have a 
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lower boiling temperature range than the original fuel. With additional steps, this 

technology becomes possible in new range of applications: Thus, the gaseous product can 

be stored and possibly transported to the consnmer. Also, development of the cool flame 

procedure may even lead to selectively produce petrochemical synthesis components with 

high yield from the gas reaction products, namely, olefin and formaldehyde I.71. The cool 

flame procedure makes the conversion of liquid fuels to the gas and vapor phase possible 

in a strongly sub-stoichiometric condition without noticeable soot deposits. In fact, the 

extent of soot formation during cool flame regime is still unknown. However, aiming to 
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reduce the total NO, emission, especially the NO, caused by conversion of fuel nitrogen, 

Schrag et al. [8] described the concept of an oil burner using cool flames. In the first step, 

the preheated fuel-air mixture is subjected to cool flame regime before being bnrned in a 

second step. The level of the inhibition of NO, formation through the utilization of cool 

llame process is still unknown. The cool flame method can be applicable for diesel 

engines andlor fuel cells. Indeed, the recent investigations on cool flame regime and the 

suggestions made by the RTWH group in Germany [7,53,62] pave the way for thorough 

shidies of this process and can lead to its use beneficially in industrial applications 

including fuel cell technology. 

Due to their complex nature, cool flames were aLso studied in microgravity to 

minimize uahiral convection using n-bntane as fuel [39]. It seems that cool flames 

generally occur at lower temperatures and pressnres in reduced-gravity environments 

[39]. The tests were conducted onboard NASA’s KC-135 microgravity aircraft where the 

g-levels are effectively reduced to 10.’ gem& [54]. The irreproducibility resulting fiom 

radical-wall interactions were minimized either by baking or chemically deactivating the 

stainless steel vessel by using a deactivating agent (Sylon). In the untreated vessel abotit 

42 % more of hiel was consumed at 1 g than at micro-g at 22 kPa and 583 I<. The 

difference in fuel consumption cannot be attributed to a purely thermal effect since no 

difference in fnel consumption was measured when the walk were inactive. The author 

hypothesized that possibly the symmetric distribution of species at micro-g may have led 

to enhanced termination at the vessel walls, which moderates the reaction rate. It vias not 
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clear whether the additional amount of fuel consumed at 1 g had reacted or the file1 

molecules were adsorbed on the vessel wall surfaces. 

3.2. Role of oxidation reactions in the ignition of fuels 

Autoignition is defined as the ignition of a combustible material, commonly with air, 

as a result of heat generation from exothermic oxidation reactions without the aid of 

external energy source such as spark or flame [40]. It is inflncnced by several parameters, 

including vessel size and geometry, fiiel/oxygen ratio, diluents gas, pressure, ignition 

zone (cool flame), ignition delay T,, chemical stmcture, additives, surface effect 

(catalysis) and physical state of the €tiel. Ignition delay time ~i (equation 11) is an 

important factor in the autoignition process. It is composed of physical (time for the 

droplet to evaporate, diffuse and mix with air and heat up to chamber temperature) and 

chemical delay (contact of fuel and oxygen involving kinetics of chemical reaction that 

form thc critical concentration of free radicals and other intermediates necessary for 

ignition). This delay time may take a fraction of a second or as long as many minutes, 

depending on the temperahire, composition and chemical stmchire of the fuel. 

TI = Tphys f 7 chem (11) 

There is abundant literature on the modeling of ignition [63]. In this section, we 

briefly illustrate the dependence of the ignition on the kinetics of the oxidation reaction 

and evidently the boundary between cool f lame and ignition [40]. Measurements of 

ignition delay have been 'correlated 1641 as follows: 
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where T, is the induction period (delay time), A and B are constants, a, b and c correlation 

parameters. The apparent activation energy is given by 2.303 AR, with R the universal 

gas constant. In accord with classical chemical kinetics, the ignition delay time of several 

fuels (Jet-A, JP-4, Diesel # 2, cetane) correlate with the inverse of the pressure and the 

exponent of the invase temperahire [65]: 

2, = Ap-”exp(E/RT) (13) 

were A and n are constants, and E the global apparent activation energy. For an inlet 

temperature of 1000 K, an equivalent ratio of 0.3 to 1 .0 and a pressure of 1 to 3 MPa; 

ignition delay times were in the range of 1-50 ms, at free stream flow velocities varying 

from 20 to 100 d s .  Computational techniqnes using chemical kinetic reaction 

mechanisms as those used by Dagaut et al., [9,10], Rami et al. [I31 and Gafftiri et al. [52] 

have been applied to the calculation of knock tendencies in internal combustion engines 

[57,66,67]. In addition, knocking properties of the ftiel mixtures have been examined for 

n-heptane and cetane [68]. 

The kinetic mechanisms were used to simulate the end gas reactions during 

compression and flame propagation periods in an engine. This end gas is heated and 

compressed by piston motion and by the moving flame and would eventually ignite 

spontaneously and produce knock, given sufficient time. Under normal engine 

operations, the flame consumes the end gas before this ignition occurs and knock is 

avoided. It was shown that the ignition delay time increases with the research octane 

number (RON) [67]. Some additives have a little eflect or no change on the computed 

time of ignition, including acetone, methanol, acetaldehyde and the olefin species [57]. 
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All alkylhydroperoxides produced strong pro-knock effect resulting from the 

decomposition of the hydroxyperoxide (ROOH) at the 0-0 bond to produce a large 

amount of OH and alkoxy (RO) radicals when T exceeds 900 K, and thus, ignition delay 

times are reduced for all the hels examined [57]. The self-ignition behavior of n-decane 

and dimethyl ether in the temperature range of 650-1300 K are very similar to that of n- 

heptane, with a two-step self-ignition: The first step, a cool flame process at lower 

temperatures and a very shoit deflagration phase followed by a secondary explosion [69]. 

The time difference between the first pressure rise caused by the cool flame process and 

the detonation, decreases with decreasing temperature, whereas the intensity of the cool 

flame process increases. The ignition delay times of both n-decane and dimethyl ether 

showed a negative temperature coefficient (NTC) in the Arrhenius plot. 

3.3. Reaction Kinetics and mechanisms of the oxidation and combustion of reference 

fuels 

The oxidation of hydrocarbon fuels is an important element in modeling antoignition, 

flame propagation and polhit'mt emissions in antomobile engines. The continued interest 

in the modeling of n-heptane and imoctane (2,2,4-trimethylpentane) may help for a 

better understanding of knocking behavior in internal combustion engines. A reliable 

kinetic model of these two reference hiel molecules is the starting point for comparing 

the hocking tendency of commercial fiiels and additives of interest to antomotive 

combustion [13,141. The great progress in computing systems enables the use of 

thousands of complex chemical reactions, especially of large hydrocarbon molecules in 

chemical kinetic modeling. To validate kinetic models, different parameters including 



28 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

temperature, air/fiiel eqnivalence ratio, residence time, pressure, fuel composition and 

physico-chemical properties have to be experimentally studied. For this, several 

experimental techniques have been used: flame snpported by burners, static reactors, phig 

flow reactors, single-pulse shock hibes and continuous-flow stirred tank reactors 

[9,10,58,70]. Westbrook et al. [71] reviewed the chemical kinetic modeling of high 

temperature hydrocarbon oxidation and combustion (T = 1000 K) for simple 

hydrocarbons (up to Cd) and proposed a simplified mechanism for larger alkanes (up to 

C7), such as n-heptane. The simplest overall reaction representing the oxidation of a 

typical hydrocarbon fuel is: 

Fuel + nlOz -+ nzC01 + n3Hz0 (14) 

where the stoichiometric coefficients (nJ are deteimined by the choice of fiiel. This 

global reaction is often a convenient way of approximating the effects of the many 

individnal reactions, which achially occur. The rate must therefore represent an 

appropriate average of all the individual reaction rates involved. The single rate 

expression is usually expressed as: 

Rate = AT"e~p(-E,RT)[fuel]"[oxygen]~ (15) 

The general reaction rate constant, which depends on the temperature, is given by the 

modified Arrhenius form as:'k = AT"exp(-E,RT), where A is the preexponential collision 

factor and E,, the activation energy. In a great majority of cases, it is assumed that the 

overall reaction is first order with respect to both hiel and oxidizer, so that a = b = 1. 

However, this choice of reaction order may lead to serious errors [71]. Based on a'quasi- 

global mechanism, the kinetic parameters for the oxidation of n-heptane at high 
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temperatures calculated by Westbrook and Dryer [71], were as follows: a = 0.25, b = 1.5, 

A = 4.3~10" and E;, = 30 kcal. 

Analysis of combustion in laminar flames, shock hibes, klow systenis and in internal 

combustion engines using detailed kinetic modeling has frequently provided more 

knowledge about the system than was available from the experimental results alone [72]. 

However, much of this research has been limited to rather small €tiel molecules, such as 

hydrogen, methane, ethane and propane (HI, CH4, CIH, and C&), which are not 

characteristic of those fonnd in conventional liquid hydrocarbon fmels [71,73]. Still, the 

kinetic models of larger hydrocarbon molecules were developed on the basis of the 

reaction mechanisms and the kinetic parameters of the different steps involved in the 

oxidation of the cited small molecules and are summarized in a valnable table by Baulch 

et al. 1741. The effect of the molecular structure on the engine knock characteristics has 

led to the developments of detailed chemical kinetic models for larger molecules, such as 

n-heptane and iso-octane [9,10,68,751. 

In the mid 1990s, a valuable shidy on the oxidation of n-heptane, im-octane and their 

mixture was conducted [9,10,11]. Oxidation experiments were carried out using a 

continuous-flow stirred tank reactor (CFSTR) in fiised silica to prevent wall catalytic 

reactions under operating pressures up to 10 atm (- 1 MPa). The quartz reactor is located 

inside a stainless-steel pressure resistant jacket. The mean residence time was well 

defined from 0.01 to 3 s by regulating the flow of the pre-heated air mixture within 

temperature ranges from 550 to 1150 K and from 900 to 1200 K under a pressure of 1 
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MPa and an equivalence ratio h from varying fiom 0.3 to 1.5. In order to rednce 

temperature gradient, heat release and avoid ignition, a high degree of dilution was used 

to get an initial hiel mole fraction of 0.001 (0.1 %). The liqnid fiiel was delivered by 

HPLC pump, diluted with nitrogen and sent to the vaporizer. This homogeneons 

nitrogen-fnel mixture was introduced through a capillary to prevent reactions before entry 

into the reactor. A nitrogen flow of 100 l/h was used to dilute the fnel. The gases were 

preheated before injection in order to reduce the temperature gradient, which was within 

10 K inside the fiised silica reactor. Several gas chromatographs with different columns 

were used to identify the reaction products, including CO, COz, C1 to CS hydrocarbons 

and oxygenates (aldehydes, ketones, alcohols and ethers). Identification and 

quantification of species was accomplished using standard gas mixtures and GCMS 

analyses. Identification of unknown components was confirmed by GCFTIR. 

The reaction scheme of n-heptane oxidation (Fig. 3) shows the main possible reaction 

products (89 componnds, with 25 products determined) and had been suggested three 

decades ago [45]. With the evolution of analytical techniqnes, namely gas 

chromatography coupled with mass spectrometry; the experimental mole fraction profiles 

as a function of temperature were obtained for over 30 of the reaction products from n- 

heptane [9]. Hz, CO, COz, CH,, ethane, ethylene, acetylene, propane, propene, 

propadiene, propyne, 1,3-bntadiene, 1-pentene, 2-pentene (cis- and trans-), 1,3- 

pentadiene, 1-hexene, benzene, I-heptene, 2-heptene (cis- and trans-), 3-pentene (cis- and 

trans), n-heptane. Oxygenates (CH20, CH30H CH3CH0, ethylene oxide, ethers, 

acetone). Cyclics (2-methyl,5-ethyl-tetrahydrofurane (cis- and trans-) and 2- 
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methyltetrahydrofurane) were also detected at 50 to 80 ppm. 'Below 750 IK, low 

temperature oxidation of n-heptane occurs with the formation of CO, COz nnd several 

oxygenate compounds. The data show that a large fraction of the initial fiiel (up to 75 %) 

was converted into products in this cool flame region. From 640 to 750 K, the negative 

temperature coefficient (NTC) of reaction rate was observed, More' details will be given 

on the NTC region in the next section. At higher temperatnres (T > 750 K), there is a 

rapid prodnction of CO, COz, CHzO, and saturated and unsahirated hydrocarboris until 

complete initial €tiel consumption. It is worthy to note that ethylene is the major 

hydrocarbon followed by methane, propene and 1-butene. Formaldehyde is the major 

oxygenated intermediate after carbon monoxide in the whole range of temperature. 

Chakir et al. [76] showed that in the range of 950-1200 K, with a me'm residence time 

varying from 0.08 to 0.3 s, an equivalence ratio varying from 0.2 to 2.0 and an initial 

concentration o€ n-heptane of 0.15 %, the major reaction products of the lean mixture 

oxidation were carbon monoxide and carbon dioxide, as well as ethylene, propene, 

methane and I-butene, I-heptene, I-hexene and acetylene and other olefins present as 

minor prodncts. Also, they stated that the mechanism presented could closely predict the 

ignition delay time of alkanes (up to C7). 

For im-octane oxidation [IO], the reaction products and their profile differ from those 

obtained from n-heptane. In addition to Hz, CO, COz, CH4, ethane, ethylene, acetylene, 

propene, propadiene, propyne, 1,3-butadiene, which were formed upon n-heptane 

oxidation, several branched alkenes were produced [iso-butene, methyl-I-butene, 2- 

methyl-2-butene, iso-propene (2-methyl-1 -3-butadiene), 4,4-dimethyl-2-pentene (cis- and 
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trans-), 2,4-dimethyl-2-pentene, 4,Cdimethyl-l-pentene, 2,4-dimethyl-l-pentene, iso- 

octane, 2,4,4-dimetliyl-2-pentene] aid also traces of acetaldehyde and acetone. Below 

700 K, low temperature oxidation of iso-octane takes place with formation of CO, COz, a 

small 'mount of oxygenated compounds,(< 1ppm) and only a very small fraction of fuel 

was converted into products. Above 720 K, rapid high temperature oxidation stated with 

formation of CO, COz, CHzO and sahirated and unsaturated hydrocarbons until complete 

fuel consumption. iso-Butylene is the major ,intermediate hydrocarbon in fuel lean 

conditions, followed by methane, ethylene and propene. The brimched alkane structure of 

iso-octane and its higher molecular weight might be reasons for the difference of 

behavior. Dagaut et al. [9] rationalized it in terms of stnicture-reactivity relationship at 

low temperahires and presented the major steps (reactions 16-25) of the general 

mechanism for alkanes, which has also been described by nnmerous other authors 

[13,14,42,711. 

R H + 0 2  + R + HOi (1 6 )  

HOi + RH + HzOz + R (17) 

Since reaction 16 is quite slow, reaction 17 represents the main alkyl radical production 

route in the system. Either n-heptane or iso-octane can lead to the formation of four 

different heptyl radicals (Fig. 3), which can (a) decompose by C-C bond scission to 

produce an olefin and an alkyl radical, (b) isomerize to mother alkyl radical and (c) react 

with O2 to produce a peroxy radical (reaction 18) or an olefin and HOi (reaction 19). 

R + O2 e olefin + HOi (19) 
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The rate const'mt of channel (reaction 19) depends on the stnichire of R. The peroxy 

radicals can react with the fuel to produce the corresponding alkylhydroperoxy radical 

(reaction 20) or isomerize to another alkylhydroperoxide QOOH by internal H 

abstraction (reaction 21) 

RO;+RH -+ 'ROOH + R  (20) 

RO; W 'QOOH (21) 

The alkylhydroperoxy radical goes throngh several reactions, namely, OH elimination 

(reaction 22), reaction with 0 2  (reaction 23), internal H-atom abstraction and OH 

elimination (reaction 24) and branching (reaction 25). 

'QOOH -+ QO + OH (22) 

'QOOH + 0 2  --i\ .OOQOOH (23 ) 

'OOQOOH + OH + 'OQ'OOH (24) 

'OQ'OOH -+ O Q O  + O H  (25) 

It is suggested that the susceptibility of long chain hydrocarbon fuels to produce 

engine knock is tied to the ease of the internal isomerization of the peroxy radical to an 

allcylhydroperoxy [77]. Ranzi et al. [13] presented a semi detailed kinetic scheme for the 

oxidation of iuo-octane at low and high temperahires. The mechanism was also reduced 

to a "liimped" kinetic model involving only a limited number of intermediate steps. The 

authors suggested that this model is flexible enongh to give accnrate prediction of 

inteimediate components, heat release, and ignition delay times for a wide range of 

operating parameters. 
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In a complementary study, Dagant et al. [11] investigated the reaction products 

formed upon oxidation of mixtures of n-heptane and iso-ocatane in the same Conditions 

as before [9] and at various compositions giving different research octane numbers 

(RON) at a stoichiometric ratio h = 1. The data show that up to 60 % of the initial kiel in 

low RON mixtures was converted to products. At very high RON (RON = 90), much 

lower reactivity was observed, but still higher than €or pure iso-octane, indicating the 

strong activating effect of n-heptane on the oxidation of iso-octane in the low temperahire 

regime. Ethylene is the major intermediate hydrocarbon and foimaldehyde is the major 

oxygenated intermediate after carbon monoxide in all the conditions from cool flame to 

high temperahirc oxidation. In the low temperature range, several cyclic ethers are 

foimed and their impoitance varies with RON. 

Knowing the most important reaction products formed and based on the general gas 

phase oxidation mechanism, several shidies have used computer softwares, such as 

CHEMKIN II and EXGAS, to generate detailed chemical kinetic models [78,'79]. In 

order to test the accuracy of the theoretical model, Came et al. [78] compared their 

kinetic model to the experimental data of Dagaut et d. [9] at low temperature (550-850 

K) and to the experimental data of Chakir et al. [76] at high temperature (900-1200 K). 

The model does not predict well the experimental data at low temperature and the 

simulation of some of the reaction products, including alkenes, methane and CO still 

remained approximate. However, at temperahires higher than 1080 K, the experimental 

data fitted qnite well in the kinetic model for CH4, CzH4 and CO. At low temperahire 

(550-850 K), the kinetic model was fitted into the experimental data of the reacting fitels 
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(n-heptane and im-octane) consumption versus temperature and among the reaction 

products; only the fitting of CO by the model was shown. Table 5 shows the 

concentrations of the reaction products formed in the low temperature range npon 

oxidation of n-heptane, mainly consisting of alkenes and methane. Apparently, there is a 

significant difference between the model and the experimental data. Therefore, whether 

based on the major steps of the reaction or lumped mechanisms, these kinetic models are 

still not satisfactory for predicting the reaction products formed at low temperahire and in 

the cool flame regime and aronnd the NTC region. 

Cnrran et al., [80] developed a chemical kinetic mechanism for the oxidation of n- 

heptane in flow reactor, shock tube, and rapid compression machines over a range of 

pressure 0.1-4.2 MPa, a range of temperatnre from low to high (550-1700 K) and an 

equivalence ratio varying from 0.3 from 1.5. The analysis shows that the low-temperahire 

chemistry is very sensitive to the foolmation of stable olefin species from 

hydroperoxyalkyl radicals and to the chain-branching steps involving ketohydroperoxide 

molcciiles. Experimental and modeling results agree with antomotive engine experience 

that a fiiel-rich mixhire has a greater tendency to autoignite and lead to knock than 

stoichiometric or fuel-lean mixhires. Also, the magnitude of NTC region is very closely 

reproduced by the reaction mechanism, as well as the shift of the NTC to higher 

temperatures as the pressure increases, indicating the inflnence of the pressure on the 

eqnilibria of the addition reaction of molecular oxygen to the alkyl and hydroperoxy- 

akyl radicals. 
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More recently, Glande et al. 1811 conshucted a simplitied model for the oxidation of 

alkanes based on the chemical and kinetic principles using the automatic generation of 

reaction mechanisms by the computer software EXGAS. The simplification was devoted 

to the complex primary mechanism for n-heptane. The mechanism includes 3662 

reactions (excluding termination steps involving 470 species). Howevcr, the simplified 

mechanism seems to be inflnenced by the temperahire range. The same group [61] 

coupled EXGAS, THERGAS and KINGAS softwares to obtain thermochemical and 

kinetic data, suggesting that the complete package makes EXGAS a unique and very 

powerfid tool for the prodnction of complete chemical models directly usable for 

simnlation. According to the anthors, this software permitted their laboratory to be the 

first to perform a detailed modeling of complex chemicals, namely the oxidation of n- 

octane, n-decane, mixture of n-heptane and iso-octane or mixhires of n-heptane and 

ethyl-ter-butyl ether, 

Favored by the vertiginous progress in computing systems, there is an appreciable 

extension of modeling capabilities, and thns, abundant literature on chemical kinetic 

models has emerged [14,82,83]. Further, the major reaction products of fuel oxidation 

that have an impact on engine knock and ignition delay time were determined [9,13,71]. 

However, most of these studies are limited to the pure hydrocarbons n-heptane and iso- 

octane [14,81] that are used as references or surrogates to the complex €ne1 oils whether 

derived from coal or petrolenm distillates. On the other hand, few kinetic studies on 

representative aromatic hydrocarbons present in commercial fiiels, such as benzene and 

alkylbenzne, have seenthe light [82,83]. Due to their complex chemical composition and 
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kinetic modeling and reaction products, inchiding experimental data on fuel oils are still 

Axelsson ct al. [72] presented a kinetic model that generally predicted the rate of 

octane hiel disappearance and the level of the larger intermediate species in both the 
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turbulent flow reactor and in the low-pressurc laminar flame. They suggested that site- 

specific H atom abstraction reactions, internal H atom abstraction and thermal 

decomposition ofthe octyl radicals were found to be important in the oxidation behavior 

of octane. In order to understand the oxidation of petroleum based oils, which are 

complex mixtures of hydrocarbons, where heteroatom-containing compounds that can 

function as pro-oxidants or anti-oxidants are often present, Blaine et al. 1151 developed a 

reaction model describing under severe conditions, the auto-oxidation of cetane (n- 

hexadecane) as relevant model reactant. Numerical analysis showed that hydroperoxides 

were formed in the reaction step with the smallest rate constants, and they decomposed in 

the step with the largest rate constants, indicating that hydroperoxides are key reaction 

products and play a major role in the oxidation reaction network. In addition, the 

18 

19 temperahire (413-453 K). 

20 

mathematical model correlated quite well with experimental data obtained at low 

21 

22 

Because of its use for the estimation of cetane number in diesel engines, a detailed 

chemical model of the hexadecane gas-phase oxidation and combustion will help to 

23 enhance diesel performance and reduce the emission of pollutants. Among the few 
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atm, a residence time of 0.07 s, ,an equivalence ratio varying from 0.5 to 1.5 and high 

nitrogen dilntion (0.03 mol % fuel). The computer software EXGAS [81] was used to 

generate the detailed high temperature kinetic mechanism, which includes 1787 reactions 

and 265 species. It seems that the long chain of cetane necessitates the nse of a detailed 

secondary mechanism for the consumption of the alkenes formed as a result of primary 

parent hiel decomposition. Using the same experimental conditions at high temperattire 

as those of Fournet et al. [84], Ristori et al. [85] obtained new experimental results for the 

oxidation of n-hexadecane. Molecular species inclnding reactants, intermediates and final 

products were measnred via sonic qnartz probe sampling and on-line/off-line gas 

chromatography (GC-MS, FID, TCD). Therefore, a detailed kinetic reaction mechanism 

13 consisting of 1801 reactions and 242 species was built and validated by the experimental 
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measurements. To fiirther validate the proposed kinetic scheme and include it in a model 

for the combustion of diesel fnel, more experimental measurements are still needed, 

including ignition delays, flame speeds and flame stnichires. Also, adapting the model to 

lower temperattires around cool flame region deserve attention. 

After the work of Gneret et al. [38] on the modeling of kerosene and the mixture of 

three reference fuels that may closely represent kerosene, little is yet known on the 

oxidation of diesel fuels. The oxidation of kerosene and a mixture of 3 pure hydrocarbons 

(n-undecane, n-propylcyclohexane and 1,2,4-trimethybenzene at the ratio of 79:lO:l I % 

was studied in a jet-stirred flow reactor, in the range of temperature 873-1033 K at 
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atmospheric pressure. The reaction products formed during the" oxidation of kerosene and 

the ternary mixture, measured by gas chromatography (GC) at different mean residence 

times, up to 0.3 s, were identical. The main hydrocarbon intermediates found, were 

ethylene, propene, methane, 1-butene, 1,3-butadiene and eth'me. Several other 

unsaturated hydrocarbons were also detected as minor products: I-pentcne, 1-hexene, 1- 

heptene, 1-octene, I-nonene, I-decene and also 1,3-pentadiene, cycopentadiene, benzene, 

toltiene and xylene. The concentration profiles of the reaction product molecular species 

in the oxidation of kerosene and the surrogate mixhire were very similar, indicating that 

the mixhire of 3 hydrocarbons from Cg to belonging to 3 different chemical families 

(n-alkanes, cyclane and aromatics) is representative of the kerosene studied. On the basis 

of the experimental observation at low concentration level for large hydrocarbon 

intermediates, quasi-global chemical kinetic reaction mechanisms were developed to 

reproduce the experimental data. The rate expressions for the first global reaction step 

derived from equation 15 with n = 0, is: 

Rate = Aexp(-E&T) [fuel]"[ oxygen] (26) 

The values of a, b, A and E, (kcal) are presented in Table 6. 

Dagant et al. [ l l ]  studied the oxidation of kerosene and Jet A-1 aviation fuel in a jet- 

stirred reactor (JSR) at high pressure from 10 to 40 atm in the temperature range of 750 

to 11.50 K. The main intermediate reaction products of kerosene oxidation were carbon 

monoxide, lower alkene (ethylene, propene, I-bntene), methane and lower unsaturated 

hydrocarbons (acetylene, propadiene, propyne). Among other products, they detected Ch 

to C9 alkenes and aromatics (benzene, toluene 'and xylene). Their study showed that the 
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decane was applicable to predict with reasonable accnracy the main combustion 

characteristics of kerosene under the conditions cited above. 

Keeping in mind the difficulty of fitting the kinetic models to the experimental data in 

the cool flame region (573-773), we used the general rate equation 26 to estimate the 

conversion of some fuels with known kinetic parameters, such as, n-heptane, n-undecane, 
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trimethylbenzene and kerosene (Fig. 8). For that, we made the general assumption that 

the reaction is of first order to both the fuel and the oxidizer, and for each mole of fuel 

there are b/a moles of reacting oxygen, with a = 0.25 and b = 1.5 @/a = 6) according to 

the assumption of Westbrook and Dryer [71]. Thus, equation 26 becomes: 

d[hell/dt = - k[fiielI[O~l (27) 

with [hiel] = x , [O,] = 6x and k = Aexp(-E,/RT), we have dx/dt = - 6kx2, which can be 

written as: dxlx2 = - 6kdt (28) 

Initially at t = 0, the concentration of fuel is x(0), thus, integration of equation 28 gives 

the concentration of the fuel at timet: 

x(t) = 1/[6kt + 1/~(0)] (29) 

Since the constant rate k = Aexp(-E,/RT) depends on the temperature, the conversion of 

the fuel will also be function of temperature: 

Conversion (%) = [(x(0)~ - x(t)T)x100]/X(o)T (30) 

Given the values of A and E, (Table 6), the conversion of n-heptane, n-unclecane, 

trimethylbenzene and kerosene were estimated as a function of the temperahire and 

residence time at an equivalence ratio h = 1 corresponding to an initial fuel concentration 
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of 1.87 % and a concentration of 0 2  of 20.60 % (air containing 21.0 % 02used as an 

oxidant). The conversion of n-heptane is much higher than that of other fuels ,and reaches 

more than 99 % at a residence time of 0.5 s and 773 K (Fig. 8). It is clear that to have 

more accurate estimations, the major steps of the oxidation reactions have to be taken 

into account in a model incorporated in computer software. 

As it has been emphasized all along in this review, most investigations on the 

oxidation modeling of fiiels are limited to the alkanes (n-heptanes and iso-octane) and 

only a few studies have targeted aromatic compounds, which constitute a significant 

proportion (tip to 20 %) of fuel oils, such as diesel. On the other hand, the kinetic 

mechanisms of polyaromatic hydrocarbons (PAHs) generation and soot formation from 

gas phase combustion, which remain a topic of a significant debate [14], are still obscure. 

Although, the condensation reactions and the PAH formation mechanisms are further 

unifying elements in pyrolysis, partial oxidation and combustion kinetics, so €ar little is 

known on the modeling of these phenomena. Ranzi et al. [14] suggested that PAH growth 

in delayed coking and liquid phase pyrolysis, fouling phenomena in steam cracker coils 

and soot formation in combustion processes, can be at least, partially exp1,ahied on the 

basis of similar kinetic mechanisms. To date, published data on kinetics of oxidation of 

commercial hiels, such as gasoline and diesel fuels are still scarce [9,38]. 

3.4. Oxidation and combustion of commercial fuels and biofuels 

Because of their complex chemical composition, the behavior of commercial fuel in 

terms of reactivity is still not elucidated. In effect, most of the investigations used 
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surrogate reference fiiels, namely n-heptane, iso-oct'ane, and to B lesser extent, cetane and 

nndecane. Despite the difficulties encountered in these complex hydrocarbons, it is 

important to experimentally examine real fiiels, whose general characteristics are given in 

Table 7, in order to elucidate their behavior vis-&vis of knocking, ignition, and also, 

oxidation and combustion. The distillation curve of diesel # 2 (Fig. 9) illiistrates very well 

the complexity of this fiiel that contains a mdtihide of components. The distillation curve 

of n-heptane corresponds to a horizontal straight line indicting the boiling point at 371.4 

K of a single component [86]. Whereas, the gradnal increase in the recove1y of the diesel 

distillates with increasing temperature from 460 to 600 [16] indicate the change in the 

boiling point of the fiiel complex stmchire (Fig. 9), which results from a mnltilude of 

components and fractions in the diesel. This complex behavior of the diesel fiiel is often 

approached by using single component hydrocarbon surrogates and in a few more 

advanced studies by amixture o f2  or 3 hydrocarbons [9,11,17,38]. 

Combustion modeling of real fuels like gasoline, jet fiiel and diesel is hampered by 

the complexity of these hydrocarbon distillates [17]. Characterization of these fiiel and 

also elucidation of their oxidation, may enable LIS to develop suitable methods for €tiel 

preparation for the applications mentioned previously, namely, pre-vaporized burning, as 

well as reforming €or fiiel cell technology, using cool flames. According to Edwards [17], 

analysis of aviation kerosene indicates that a modeling surrogate would match real 

aviation fuel with more accuracy if (1) the fraction of aromatics was increased to about 

18 % (v/v), (2) the aromatic was a C ~ O  'alkyl benzene, and (3) the non-aromatic 

component was an iso-paraffin and/or naphthene, as opposed to n-paraffin: Given the 
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scarcity of experimental data, it is certainly debatable whether these changes would 

improve the accnracy of the model prediction for aviation kerosene combustion. The 

anthor suggested that surrogates for specialty keroscnes like JP-7, FW-I and RG-1 should 

be based primarily on C11-Clz naphthenes and iso-paraffins to match the real fuels as 

closely as possible. 

To test the thermal and oxidative stability of Jet fiiel (Jet A-1, JP-TS and Jet A), 

Heneghan and Shultz [87] used a surrogate fiiel Jet P-8s composed of a mixhire of a 

dozen components adding to 65 % alkanes, 20 % aromatics and 15 % naphthcnes. The 

oxidation of these fuels in static and flowing conditions was shidied by following the 

oxygen consumption, the appearance of peroxides, alcohols and ketones. After exposure 

of the fuels to a temperattire of 290 K, the deposits were analyzed by FTIR, GC and 

HPLC techniqnes. The thermal stability was measured by the Jet fiiel thermal oxidative 

tester (JFTOT). The data showed that contrary to the expectations, the rate at which the 

fiiel oxidizes was found to be inversely related to the rate of formation of insoluble 

products. Some properties of Jet and diesel fiiels of different boiling ranges, namely, 

aromatic contents, hydrogen content, smoke point, density and cetane number, can be 

determined from simple linear relations [88]: 

P = a1 C,+ azC, + blTlo+ bzTgo + k (31) 

Where al, az, bl, bz, k, are constants and Tlo and Tgo, temperatures at 10 and 90 % of file1 

vaporized. The predictive eqnation 31 correlated well with experimental data and should 

assist in defining broad refining reqnirements for fuels. The inflnence of fiiel composition 

on first stage of combustion and soot formation was tested for tetradecane, n-heptane and 
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compounds in diesel fiiel on soot formation [161. The total amount of soot foimed during 

combustion was in the order: n-heptane < tetradecane < diesel, indicating the contribution 

of the aromatic components in the diesel fuel. 

In the presence of. heat and dissolved 0 2 ,  jet fuel degrades through a complex 

sequence of chemical reactions forming oxidized products and fouling surfaces [39]. Jet 

€ne1 oxidation and the effect of antioxidants and antioxidant additives have been studied 

[89] using a chemical kinetic model and a computational fluid dynamics'code (CFD) 

which employs pseudo-detailed kinetic modeling of dissolved 0 2  consumption and 

antioxidant chemistry in Jet fuel. Concentration profiles of various species along a 

stainless-steel tube were calculated for both nearly isothermal and non-isothermal 

flowing systems: Predicted dissolved oxygen and hydroperoxide profiles agreed well 

with the measured profiles over a range of bulk file1 temperatures and flow conditions. 

The model was found to be able to simnlate a synergistic reduction in the oxidation rate 

in the presence of antioxidants. However to date, little is known on the gas phase 

oxidation kinetic mechanisms of commercial fiiels, including gasoline and diesel. 

4. Reforming of fuels for fuel cell technology 

The studies discnssed above were related to the oxidation and combustion of ftiels. 

They have contribnted a great deal in understanding mainly the oxidation and combustion 

of reference fiiels. These investigations have made a significant contribntion in 

developing efficient engines and oil bnmers, projecting optimum fuel consump~tion to 
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reduce the energy demand and lowering pollutant emissions that have to meet the 

regulations. During the last 3 decades there are growing concerns about the shoitage in 

energy supply in the world, as well as about the increase of pollution including that of 

green house gases. This has spurred the development of fiiel cells that convert chemical 

energy to electrical energy [4,90,91,92] using hydrogen as fiiel with low to zero pollutant 

emission. 

Hydrogen is an ideal fiiel for fuel cells. Unfortunately, this valuable gas is not a 

primary s o m e  of energy as fiiel to be used in transportation vehicles, aerospace and 

other industrial sectors and has to be produced through conversion of hydrogen-rich 

energy carriers, such as nahiral gas, petroleum derived hydrocarbons, methanol and coal. 

Therefore, the successful development of he1  cell-powered vehicles is dependent on thc 

development of fiiel processors. The most common techniques of hydrogen production 

for fiiel cell technology are the catalytic partial oxidation and catalytic reforming of 

primary (natural gas, gasoline, diesel) or secondary (methane, methanol) fuels into 

synthesis gas (HZ + CO). As discussed in the cool flame section, the pretreatment of the 

€tiel via partial auto-oxidation under cool flame conditions (Fig. 1) is more advantageous 

to the reforming processes than the direct use of untreated fiiels for the generation of 

hydrogen. 

As the focal point of this review remains on the oxidation and reforming of fiiels, the 

fundamentals of fuel cell as an electrochemical system and an energy conversion device 

are out of the scope of this study and is the snbject of several reviews [4,90-941. 
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Nevertheless, it is relev'mt here to briefly discuss the different types of fuel cells that will 

be referred to in the fuel reforming section. Fuel cells are named by the kind of 

electrolyte, which plays a paramonnt role in the transport of the electrons upon oxidation 

of hydrogen at the anode and reduction of oxygen at the cathode, and thereby generating 

current. The main investigated fuel cells include phosphoric acid fuel cells (PAFCs) [4], 

molten carbonate fnel cells (MCFCs) [95-981, and solid oxide fiicl cells (SOFCs) [99- 

1011 that demonstrate high efficiency (45 %) [6] and operates at intermediate lo high 

temperatures [4,99,102]. Given the state of technology, the polymer elcctrolyte file1 cell 

(PEFC) has the potential to replace the internal combustion engine for propulsion power 

[103], if it could operate on hydrogen 161. Proton exchange membrane fiiel cell (PEMFC) 

also called solid polymer fuel cell (SPFC) [4,104] have gained interest in the recent years 

and superseded alkaline electrolyte fuel cells (AEFC) that were developed in 1960s and 

1970s [4]. Detailed description of the different liiel cell systems and the advancement in 

this technology are presented by Kordesch and Sirnader [94] and Larmini and Dicks [4]. 

As mentioned above, the alternative to the lack of hydrogen reftieling infrastructure and 

the low density of hydrogen storage is to carry liquid fuels that have high energy density 

and convert them to H2-rich gas (reformate) via onboard file1 processor using the 

different techniques described below. 

Before discnssing the most recent studies on the partial oxidation and reforming of 

methane and nahiral gas as major sources of hydrogen, we briefly highlight the 

theoretical aspects and mechanisms of these processes [6,105]. The process of partial 

oxidation (PO) is based on extreme rich combustion (low airhiel ratio). The fkel is 
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oxidized to give CO, COZ, HZ and HzO according to the following reactions, both 

catalytically and non-catalytically [105]: 

CxHyOz + (x-z /~)OZ -+ (y/Z)Hz + XCOZ (32) 

CxHyOz + ( ~ 1 2  - Z)OZ -+ (y/Z)Hz + xCO (33) 

CJIyOz + (X + y/4 - Z)OZ -+ (y/Z)HzO + XCOZ (34) 

A catalytic system will reduce the operating temperature if the heat can be supplied 

dircctly to the catalytic bed. An advantage of this process is the insensitivity to 

contaminants and also indifference to thc file1 type. The drawback is the risk of carbon 

precipitation and deactivation of the catalyst [1051. In addition to Bondonard reaction 35, 

methane decomposition (reaction 36) as well as CO and COz hydrogenation (reactions 37 

and 38) must be controlled: 

CH&) 2Hz(g) + (36) 

(37) 

(38) 

CO(g) + Hz(g) @ H z W  + ‘3s) 

COz(g) + Hz(g) e 2HzO(g) + C(S) 

Methane cracking is an endothermic reaction (AHr > 0), while the others are exothermic 

(AHr < 0). Partial oxidation (PO) can be followed by steam reforming (SR), and thus, the 

heat gencrated by the partial oxidation will be used to supply the energy necessary for the 

s t e m  reforming (reaction 39). The main role of steam in the reforming reactions is to 

push the eqnilibrium toward HZ and CO formation (reactions 37 and 38) [93]. 

CxHyOz + ( 2 ~  - z)HzO -+ (~12) + 2~ - Z)HZ + x C O ~  (39) 
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Usually, reforming processes including both steam and oxygen are often designed as 

autothermal reforming (ATR); with (AHl - 0) in the reaction 39, but in reality a certain 

excess of air is added to compensate for heat losses (reaction 40). 

C,H,O, + rH20 + so2 -+ tHz+ xCOz (40) 

Lower temperatures favor the water-gas shift reaction (reaction 41), which results in a 

higher selectivity for carbon dioxide and hydrogen. 

CO + HzO @ COz+ Hz (41) 

Based on an idealized calculation using the packaged software HSC-Chemistry, 

Ahmed and Krmpelt  [6] stated that PO and ATR processes are more attractive for 

practical applications and capable of higher reforming cficiencies than SR. Whatever the 

type of the fuel reforming process, the fact that petroleum derivatives contain sulfur, 

which is a notorious catalyst poison, a preliminary desulphtirisation step is required. 

Carefirl design of a desulphurization system is required to ensure that the fuel gas passing 

through the reformer catalyst to the firel cell stacks contains only very low levels of 

sulphur (< 0.1 ppm) [4]. However, it is worth mentioning that biofiiels are free of snlftir 

and shonld be considered for reforming. The other additional step is to clean up through 

water gas shift reaction (preferential oxidation) to lower the level of CO [105]. Fig. 10 

depicts the different steps undertaken in the reforming process of fuels into hydrogen-rich 

gas followed by a preferential oxidation prior to supply the fuel cell system with 

hydrogen. T o  the original scheme presented by Thomas et al. 151, we have incorporated a 

new category of potential fuel (biofiiel) and a new step delineating the pretreatment of 

hie1 oils in cool flame prior to the reforming. However, there is no data available on the 
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yicld of HZ to be expected from the reforming of either biofuel (Fig. 10, path b) or cool 

flame treatment of liquid fuels, including biofiiels (Fig. 10, path c). 

4.1. Reforming of methane, natural gas and methanol 

Methane is the major component (up to 90%) of natural gas. Also, methanol can be 

produced from different sources, including a large mount from steam reforming of 

natural gas via syngas 11061. 

4.1.1. Reforming of methane 

In view of the high ratio WC in methane (H/C = 4) and nahiral gas, these 

hydrocarbons seem best suited for hydrogen production. It is well known that the most 

common process for HZ generation for fiiel cells is based upon the steam reforming 

(endothermic reaction) of methane and natural gas [107-1091. However, partial oxidation 

is a commonly used process because of its mild exothermicity. Antonucci et al. [110] 

examined a 150 W tubular solid oxide fuel cell (SOFC) stack prototype, directly hielled 

by methane. The fuel was partially oxidized to synthesis gas (reaction 42) an alternative 

route to the strongly endothermic steam reforming (reaction 43) [ll 11. 

CHq + ('/z)O2 W 2H7, + CO AH298 = -35.7 M (42) 

CH, + 2H7,O (j 4Hz + COz AH298 = 253.0 kJ (43) 

Further, they suggested that development of a cost effective catalyst (without noble 

metal) able to withstand low 02/CH4 ratios in order to maintain electrochemical 

efficiencies, as well as controlling the uniformity in temperature distribution along the 
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fuel cell units, likely represent most critical issues for the development of solid oxide fuel 

cells. 

Cavallaro and Freni [ill] studied the feasibility of overall process economy of an 

integraled system of molten carbonate fuel Cell (MCFC) ‘and autothermal reformer 

(ATR). They presented a theoretical approach and evalimted the ATR-MCFC 

performance in terms of pressure, inlet rates of oxygen and steam, current density and 

cell configuration (indirect or direct) at T = 923 K. Also, different types of catalysts 

(LnanzO7, transition metals Mel/A1203, MdAlz03, CoOMgO, NiO/Lnz03, (Cr, 

La)Ni/MgO; Ln = lanthanide and M a  = Pt, Pd, Rh, Ir, 1% w/w) and microreactors 

(Labcon, quartz, silica) were studied. Up to 94 % of methane ,was converted. The 

selectivity toward hydrogen on LnzRuz07 and Mel/A1203 catalysts was about 99 %. 

However the selectivity to CO varied from 40 to 97 and from 0 to 97 %, respectively, 

depending on the type of catalyst. Using paaial oxidation process on a cominercial 

Ni/Al2O3 catalyst (CRG-F), Recupero et al. [I121 showed that 97 % of methane was 

converted, oxygen conversion was close to 100 % and the selectivity toward both 

hydrogen and CO reached 99 %. The influence of several operating parameters on the 

mass and energy balances of a 10 kW power plant was also investigated using a 

mathematical model [113]. The electrical efficiency obtained for the examined system is 

lower than that from a direct methane steam reforming monocell (DE-MCFC), but the 

exhaust gas composition seems to be useftilly adoptable ,for the production of Organic 

compounds, such as methanol. 
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The mechanism of the partial oxidation of methane to synthesis gas was shidied over 

a reduced NiO/SiOz catalyst using isotopic GC-MS techniqne with CD4 [114]. It was 

suggested that CH4 was activated via dissociation before its oxidation, but dissociation 

was not rate determining. Besides the general expressions of the methane oxidation 

mechanism (reactions 44 and 45), the authors gave the different steps of the reaction on 

the catalyst surpaces. 

CH4 +2NiO -+ 2Hz + 2Ni 

2Ni + Oz(g) + 2NiO 

The kinetics of internal steam reforming of methane wcrc cxamine 

(44) 

(45) 

on Ni-ZrOZ(Yz03)- 

cermet electrodes under open circuit conditions at T = 1073-1 173 K 'and partial pressures 

of methane and steam up to 60 and 5 H a ,  respectively [109]. A kinetic expression was 

derived describing quantitatively the basic surface reactions on 'the Ni-YSZ-Cermet 

surface. The reaction exhibits the Langmuir-Hinshelwood kinetic behavior and consists 

in two-rate limiting steps, which are represented by the activated adsorption of CH4 for 

the production of active species (most probably in the form of active adsorbed carbon 

Cads) and the surface reaction of adsorbed Carbon with adsorbed' oxygen (originating 

from water dissociative adsorption) for the production of CO. The HdCOz ratio is finally 

influenced. by the water-gas shift reaction (reaction 41). Also, due to the methane 

pyrolysis, deposition of coke can occur in the second stage. This coke cannot be removed 

in a fixed-bed reactor. and may cause catalyst deactivation. Marschall and Mleczko [115] 

used an internally circulated fluidized-bed (ICFB)' reactor to investigate the partial 

oxidation of methane to syngas over Ni/aAlz03 catalyst (1 and 5 % Ni loading, '71-160 

and 250-355 pm particle diameter) at 1073 K with a CH4/Hz ratio of 2. Methane 
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conversion achieved was up to 97 % with a selectivity of 97 % toward hydrogen, 

However, the conversion and selectivity were strongly influenced by the temperahire 

distribution in the reactor. Deactivation of the catalyst due to carbon deposition occurred 

and a significant drop in the catalyst activity was noticed during 15Ohonrs of operation. 

Investigation of novel solid oxide fuel cell (SOFC) type catalytic reactor utilizing a 

partial oxidation of methane as internal reforming reaction was promising [116]. Large 

electric power densities (731 mW/cm2) and heat energy were obtained simultaneously by 

applying LaGa03 based Perovskite solid electrolyte, which exhibits fast oxide ion 

conduction especially when doped with Fe. Also, a parametric model combining both 

empirical and mechanistic qualities was developed [117] in order to predict the 

performance of proton exchange membrane hie1 cell (PEMFC) for a Ballard Mark V with 

5 kW and 35 cell stack. The model, that can be applicable to a variety of transportation 

sitnations, allows calculating the cell voltage ontput as a function of a complex 

relationship between current, stack temperature and inlet partial pressure of hydrogen and 

oxygen. More promising is the most recent study by Otsuka et al. [118], which showed 

the possibility to  produce hydrogen from methane withont COz emission by 

decomposition 01’ the hydrocarbon over iridinrn and iron oxide catalysts. Firstly, methane 

is completely decomposed to carbon and hydrogen (reaction 46) over a solid catalyst in 

the presence of a metal oxide (MO,), which is reduced by hydrogen (reactions 47 and 

48). The resulting water is condensed in a trap cooled at < 273 K and the hydrogen is 

stored as reduced solid metal oxide (MO,,). 

CH, e C t 2 H z  (46) 
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XHZ + MOx a M +  xHZO (48) 

The carbon produced shonld be carried back to the gas field or used as graphite, fibers 

and plastics. The reduced metal oxide (MO,, or M) is transported, stored and used for the 

system H2-02 fuel cells. Contact of water vapor with the reduced metal oxide recovers 

the pure hydrogen without carbon oxides. For this shidy, Ni limed silica (NUCab-0-Sil) 

was chosen as a catalyst for decomposition of methane (reaction 46) and Inz03, F%03 

and Fe304 as metal oxide mediators for the storage and prodnction of hydrogen (reactions 

47 and 48). Indium and iron oxides seem promising mediators for the storage of HZ from 

CHq decomposition. The reduced states of these oxides arc resistant under open-air at 

room temperature, and economically, iron oxide may be a better mediator than indinm 

oxide. It was also suggested that hydrogen could be generated from aqueous solution of 

sodium borohydride (NaBH4) for fiiel cell power systems [119]. However, the latter 

process may not be economical for large use. 

4.1.2. Reforming of natural gas 

As a potential source of hydrogen, natural gas offers many advantages. It is widely 

available and can be converted to hydrogen quite easily [120]. However, sulfur impurities 

may constihite a drawback and would have to be removed. When catalytic steam 

reforming is used to generate hydrogen from natural gas, it is essential that snfiir 

compounds arc removed upstream of the reformer by various desulphurization processes. 

On the other hand, low temperahire cells will not tolerate high concentrations of carbon 
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monoxide, whereas the molten carbonate fuel cell (MCFC) and solid oxide fuel cell 

(SOFC) anodes contain nickel on which it is possible to electrochemically oxidize carbon 

monoxide directly, and thns, can internally refoim fuel gas [4]. Dicks [120] reviewed the 

principle methods of converting nahira1 gas into hydrogen by catalytic s t e m  'and 

antothermal reforming, pyrolysis and partial oxidation. In addition, he examined 

purification techniques and the recent advances in the internal reforming and the direct 

nse of natural gas in fuel cells. A thermodynamic analysis o f  natural gas fuel processing 

based on simultaneous partial oxidation and ste'm reforming was conducted to predict 

the yield of Hz, CO and C (graphite) [1211. It was shown that with different combinations 

of the air-he1 and water-he1 molar ratios, it is possible to obtain a maximum hydrogen 

yield with minimnm production of CO and C. The resnlts obtained under the assumption 

of adiabaticity with a temperahire of 1093-1 144 K, show optimal hydrogen yield of 36.5 

% with 2.2-4.4 % CO and 0.55-0.96 % residnal methane, while the solid carbon was 

suppressed. 

Usually, synthesis gas is produced by steam reforming of  sweet natural gas (sifiir 

free to avoid catalyst poisoning) and thus snlfiir has to be separated from sour natural gas. 

Abdel-Aal and Shalabi [122] cruried out a shidy to validate the technical feasibility of a 

non-catalytic partial oxidation process of sour nahiral gas. They presented the basic 

reactions along with thermodynamic data and compared the existing processes of 

handling sour nahiral gas. Stressing the thermodynamics and stoichiometry of the partial 

oxidation reaction, this group [123] simulated the direct production of synthesis gas from 

sour natural gas by a non-catalytic partial oxidation (NCPO). They suggested that the 
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transformation of hydrogen sulfide into sulfur dioxide and hence sdfuric acid along with 

production of synthesis gas via NCPO offers a novel schcme that could compete with the 

conventional steam reforming. Moreover, there is elimination of both the expensive gas 

desnlfirization process and the steam generation. In this respect, NCPO is described as 

self-sufficient steam-producer for the reaction. However, economic feasibility remains to 

be established. 

In addition to nahiral gas, biogas has a high potential as fuel for fuel cell power 

plants. Nauman and M y r h  [124] described the development of biogas processes for a 

phosphoric acid fiiel cell (PAFC) power plant to be located in mral India. The biomass 

fuel cell power plant consists of fonr major blocks. In the primary conversion step animal 

wastes and/or biomass are converted to a fiiel gas by anaerobic digestion or thermal 

gasification. Secondly, the fiiel processor removes impurities and conveits the fiiel gas to 

a hydrogen-rich gas. A PAFC generator is used for direct cnrrent (DC) production 'and a 

final block as inverter to convert the DC to alternating current (AC). Fairly high yields of 

hydrogen from biogas were obtained at relatively low temperahircs (up to 800 "'C) and 

steam-to-carbon ratios. Also, the large cxbon dioxide content 'of biogas enhances 

hydrogen production and CO content can be kept at a tolerable level to the PAFC 

generator with two shift reactors. Therefore, the system seems technically fcasible and it 

is comparable to a PAFC plant using natural gas. Biomass is another source that may 

have a fiihire as co-feedstock with natnrg gas, or alone, for prodnction of fiiel for fuel 

cell vehicles. Althongh the unit cost of biofiiels produced from biomass alone is still too 

high to compete with currently priced gasoline prodnced from petroleum, the higher 
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vahie of transportation fiiels per unit of energy content will provide greater incentive €or 

considering this source of energy to be taken into account 11251. 

An alternative approach to the production of hydrogen from biomass is fast pyrolysis 

to generate a liqnid product known as bio-oil that can catalytically be steam reformed. 

This approach has the potential to be cost competitive with the ciirrent commercial 

processes of hydrogen production [ 1261. The organic compounds derived from biomass 

pyrolysis are mainly composed of oxygenates (aldehydes, alcohols and acids derived 

from carbohydrates and phenolics from lignin) [126]. The overall steam-reforming 

reaction of bio-oil or any oxygenate compound (C,H,OJ is given by the reaction (40). 

Model compounds (methanol, acetic acid, syringol and mefa-cresol), both separately and 

in mixhire as well as the whole oil and its aqueous fraction were studied [108]. It was 

shown that bio-oil or its aqneons fraction could be efficiently reformed to generate 

hydrogen by a thermodynamic process using commercial nickel based catalysts with a 

hydrogen yield up to 85 % of the stoichiometric value. Provided that the catalyst 

temperahire is above 923 K, acetic acid was almost completely converted to hydrogen 

and crubon oxides. Reforming the complex oxygenates seems chemically possible, using 

nickel based catalysts, but it may require high steam to carbon ratios because oxygenates 

rapidly dehydroxylate, which results in the formation of aromatics on the surface of the 

catalyst [127]. This work on the reforming of oxygenates concords with our hypothesis 

that the reaction products of cool flame treated fiiels, which are predominately formed by 

oxygenates, have potential for reforming. This view suggests that biofnek, which contain 

a significant proportion of oxygenates, cotildbe good candidates for reforming. 
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Despite the advances in basic he1 cell technology, the fiieling options for fiiel cell 

vehicles are still uncertain and the nascent fiicl cell vehicle industry faces fimdxnental 

choices concerning the type of fueling infrastruchire [lZ8]. Realistic cost cffwtive 

options for both onboard hydrogen storage and for economically viable hydrogen 

infrastructure development have been described [128]. The authors concluded that 

hydrogen produced by small-scale equipment would be cost effective with gasoline per 

mile driven with direct environmental benefits. 

4.1.3. Reforming of methanol 

Methanol is an alternative fiiel and has been considered as a potential source of 

syngas prodnction. At Argonne National Laboratory, Kumm et al. [129] have compared a 

partial oxidation reformer (POR) and a steam refanner (SR) for methanol. While the 

reformate from POR has a concentration of Hz about 50%, the steam reformer produced a 

concentration of Hz up to 70-75%, leading to a small decrease (10 mV) in cell voltage. 

But the POR has an advantage; it is a compact, light-weight, rapid-start and dynamically 

responsive device. The Argonne POR concept has also been used to reform simple 

hydrocarbons, such as octane and pentane, as surrogates for more complex hydrocmbon 

fiiels. Preliminary tests with selected catalysts have yielded Hz concentration above 40 %. 

Kinetic studies of methanol-steam reforming on a commercial low-temperature shift 

catalyst (BASF K3-110) have been reported by Peppley et al. [130]. They presented a 

comprehensive Langmuir-Hinshelwood kinetic model of methanol-ste<m reforming on 

C~i/Zn/Alz0., catalyst to simnlate a methanol-steam reformer operating at pressures up to 

4.5 MPa. The model developed predicts both the selectivity and the activity of the 
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catalyst. The simulation showed a minimum temperatnie near the entrance of the catalyst 

bed resnlting from the endothermic nahire of the reaction. The reformer performance will 

decrease dramatically, if this minimum temperahire is below the dew point of the 
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Ahmed et al. [131] have developed a specific reactor, using ceramic honeycomb disks 

coated with the copper zinc oxide catalyst, along with a mechanism for controlling the 

oxygedmethanol molar ratio and regulating temperahire to produce a commercially 

viable system. The partial oxidation reformer is provided with a system for introducing 

methanol and water in small droplets (0.1 mm diameter) and intimately mixing the 

droplets with air prior to partial oxidation. In more recent investigations, Ramaswamy et 

al. [132] and Smdaresan et al. [133] focused on the steam reformation process of 

methanol. Their system consists in a steam refoimer, a catalytic burner and the fiiel 

preparation unit (p~eheater-vaporizer-snperheater) and the CO cleanup units. In this shidy 

an integrated reformer-burner was used as a “bi-catalyst plate”. One side of each plate is 

coated with the refoimcr catalyst and the other side with the burner catalyst. This 

reformer-burner configuration uses conduction across the width of the thin plate to 

rapidly transfer heat from the burner to the reformer. The start up time can also be 
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reduced significantly. Avci et al. [134] shidied quantitatively the conversion to hydrogen 

of methane, propane and octane as surrogate for nahiral gas, LPG, gasoline and methanol 

under conditions pertinent to fuel cell operation. They also examined the process by a 

series of compnter simnlations. The results show that in terms of hydrogen produced per 

weight of fuel and water carried, direct partial oxidation of propane or oxidatiodsteam 
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reforming of octane are the best alternatives. To minimize coke formation on the Ni 

catalyst, particularly for gasoline, a steadcarbon ratio of 2.5 was required. Still, the 

presence of aromatics in gasoline may produce coke, and thus, the use of precious metal 

catalyst, such as Rh is required to partially prevent coke formation. Methanol reacts at 

room temperature but gives lower yields. 

A large-scale prototype direct methanol fuel cell (DMFC) has recently been built, as 

well as a series of engineering models developed for predicting stack voltage, the fluid 

distribution from the stack manifolds, the overall system pressure, the chemical 

equilibrium in both anode and cathode flow beds and the thermal management of the 

stack [135]. The model predicted within 5% of the measured values. 

Methanol fuel cells are also the €ocns of research that is being carried out at 

Brookhaven National Laboratory. Our interest consists in developing a low-cost 

methanol synthesis process via catalytic conversion of methane-derived synthesis gas 

(primarily a mixture of CO, Hz and COz) from methane. Our approach is to develop a low 

temperature (T < 423 K) catalyst to achieve a high conversion (> 90 %) per pass [1361. In 

our overall low temperature methanol he1 cell scheme, a catalyst has been developed to 

produce CO-free Hz as a fuel-cell feed to enhance the fiiel cell catalyst life [ 137, 1381. 

4.2. Reforming of gasoline, diesel, and biodiesel 

Several types of fuels have been considered for fuel cell systems (Fig. 10). Although 

methane is the most abundant of alkanes, it is the least reactive and its selective 
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conversion to more usefiil compounds remains challenging [114]. Among the abnnd,mt 

literatnre on methanol conveision [129,132,133,135], some of the recent relevant 

investigations were highlighted above. But since methanol itself has to be produced from 

other sources, other conventional fiiels more easily obtainable and also abundant, 

including gasoline, which has more than twice the energy content of methanol, diesel and 

hydrocarbons are being considered. Provided there is progress in new reactor designs and 

new class of catalysts, these fiiels may be competitive /139]. Docter and Lamm [140] 

conducted thermodynamic equilibrium calculations to estimate the potential energy 

efficiency of different hydrocarbon €tiel reformer concepts. The efficiency of the 

reformer, qrof was defined as: 

qlref = (nco + nHdLHVdnf,,I LHVIM (49) 

where n is the number of moles of CO, HZ and the fuel and LHV the lower heating values 

(LHVH~ = 242 kJ/mol and LHVhel = 4050 kJ). According to the simulation results for the 

gasoline studied, as represented by C ~ H ~ Z  and the German “normalbenzin”, autothermal- 
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reforming can yield higher energy efficiencies than partial oxidation. The reformer 

efficiency showed a maximum around a steadcarbon ratio of 0.7 and was coupled to the 

equivalence ratio. A maximum efficiency of 83 % was calculated at a minimnm h of 0.28 

and a reactor temperahire of I103 K. It was also stated that from a thermodynamic point 

of view, the formation of solid carbon-soot or -coke depends on the ratio of carbon to 

hydrogen in the fiiel, as we11 as on the air to fuel ratio, the steam to carbon ratio and the 
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Brown [lo61 surveyed seven common fiiels for their utility as hydrogen sources for 

PEM hiel cells used in automotive propulsion. Hydrogen, methanol, ethanol, natural gas, 

gasoline, diesel fiiel, and aviation jet file1 were considered. Except for methanol, and of 

course pnre hydrogen, the processes generating hydrogen require: a) temperahires higher 

than 1000 K, b) appropriate water-gas shift reactors to remove CO and c) no suifiir or 

low-sulfur in the fuels. The gases produced by steam reforming contain up to 70 ’% 

hydrogen, whereas those obtained by partial oxidation have lower hydrogen content (35- 

45 %). According to the author, since hydrogen has severe distribntion and storage 

problems, the steam reforming of methanol is the leading candidate process for onboard 

generation of hydrogen. However, if methanol is nnavailable or the price makes it 

tinaffordable, reforming processes for gasoline and diesel fuel have potential and remain 

a challenging task. For instance, tests on the effect of fuel constituents including 

impurities on the durability of catalysts and carbon formation during the fuel processing 

were conducted at Los Alamos National Laboratory [141]. The report shows the negative 

effect of sulfur on the catalyst (NUAlzO,) as hydrogen production decreases by 3 times 

after 5 honrs. The tendency for carbon formation as a function ofthe fnel shidied showed 

the following general trend: xylene > methylcyclohexane > pentane > iso-octane, 

although this still remains to be qnantified. This work should be extended to red  fuels, 

inclnding gasoline and diesels. 

Kopasz et al. [I421 tested a fuel-flexible catalyst, which appears to be effective in 

partial oxidation of conventional (gasoline and diesel) and alternative (ethanol, methanol, 

natnral gas) fiiels to hydrogen-rich product gases with high hydrogen selectivity. 
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Alcohols were reformed at lower temperatiire (tip to 873 K), while alkanes and 

nnsahirated hydrocarbons reqnire slightly higher temperatures. Cyclic hydrocarbons and 

aromatics have also been reformed at relatively low temperahire. Complex hels  like 

gasoline and diesel require reforming temperahires up to 973 K. This group tried to 

answer the qnestion: which hydrocarbon €tiel is optimal for fiiel cell systems? While 

methanol and ethanol have the adv'mtages of being easy to reform, water soltible and 

renewable, gasoline and diesel have the advantage over the alcohols because of the 

existing reftieling infrastruchires and higher energy density. However, they are blends of 

different kinds of hydrocarbons and are believed to be more difficult to refom. Catalytic 

partial oxidation reforming in micro-reactors showed high conversion and hydrogen 

yields from methane, methanol, ethanol, cyclohexane, iso-octane, hexadecane, gasoline 

and diesel (Table 8). Alcohols as well as cyclic hydrocarbons and aromatics have been 

reformed at relatively low temperatures, while alkanes and nnsaturated hydrocarbons 

require slightly higher temperatures. Complex fiiels like gasoline and diesel require 

temperahires higher than 973 K for maximmn hydrogen prodnction. Resnlts from a bench 

scale (3-kWe) reactor [143] showed that the reroiming of gasoline and nahiral gas 

generated 38 and 42 % hydrogen on a dry basis at the reformer exit, respectively. 

Aware of the importance and availability of gasoline and diesel hiels as potential 

source 01 energy, the Argonne National Laboratory research gronp [144-1461 have paid 

significant attention to the catalytic reforming of these fnels. Further, they developed a 

process incorporating partial oxidationlsteam reforming catalyst that converts gasoline 

and diesel hels. Tests of 3 types of diesel hie1 (hexadecane, which is a satnrated alkane 
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and used as a diesel snrrogate, low-sulftir diesel fuel, Diesel # 1 and a regular diesel fnel, 

diesel # 2) showed a complete conversion of the feed to the products. Hexadecane 

yielded 60 % on a dry nitxogen-free basis at 1123 K. In him, higher temperatures were 

reqnired to approach the level of hydrogen produced for the two other fuels. On the other 

hand, some unexpected results are of interest. At 1073 K, hydrogen yield of the low 

sufilr diesel was 32 %, while that of the regular diesel grade 2 was 52 7% with residnal 

prodncts in both cases including CO, COZ, ethanc, ethylene and methane. Diesel # 2 has 

higher level of sulfur and a higher fraction (40 %) of aromatics (2 times) than that of 

diesel # 1 (20 %), which tends to reduce the H/C ratio of the feed and thereby, the 

hydrogen level in the products, but this was not the case. It is suggested that aromatics 

might have been more easily reformed than cyclic aliphatic 11451. Therefore, more in- 

depth studies should be carried out to elucidate this result. The diesel reformate was 

fiirthcr processed to remove sidfilr and CO using a train of reactors consisting of a sulfur 

scrubber and two water gas shift beds that reduced CO content from 20 to 2 %. To better 

evalnate the effect of sulfur on catalyst activity, coke formation and the thermal stability 

of the catalyst, longer-term tests with diesel fiiel are intended to be conducted by this 

group [1451. 

Anumakonda et al. [1471 described a method of processing sulfur-containing heavy 

hydrocarbon fuels in a substantial absence of steam through catalytic partial oxidation. It 

consists of two steps; i) vaporizing the fuel and mixing with air at a ratio h = 1 to 2 and 

ii) €eeding this mixhlre through a reactor containing a noble metal catalyst (typically 

RNalnmina) at contact times of no more than 0.5 s and'lower hourly space velocity 
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(LHSV) of not less than 0.5-1.0 h-'. Despite the presence of the catalyst, the reaction 

occurred at no less than 1323 K, bnt the conversion to hydrogen and CO seems complete 

and the sulfiir componnds present were predominantly converted into H2S. By using n- 

octane as snirogate to gasoline with the combination of supported catalysts (Ni and Pd tip 

to 10 %) on alnmina, Yanhui and Diyong [148] obtained good hydrogen selectivity for 

catalytic partial oxidation and steam reforming at lower temperatures than those of 
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Pereira et al. [145]. In addition, a significant amount of hydrogen (up to 65 % at 973 K) 

was obtained in the gas refomate. 

Targeting the real industrial market for hie1 cell technology in the near future, 

Amphlett et al. 11491 developed a simulation of a diesel reformer system to identify 

potential design issnes and obtain preliminary estimate of the system efficiency. A 250 

kW hiel cell system that used reformed diesel as the hydrogen source has been modeled 

in HYSYS, a commercial process simulation package. For the simulation, a mixtnre of 

normal paraffins (C~-C~O) ,  alkylated benzene (C&z-benzene) and alkylated naphthalene 

(Cl-C4-naphatalene) that have similar heats of formation, Gibbs energy and distillation 

curves were used. The anthors suggested that to do an in-depth optimization, it wonld be 

necessary to include kinetic information for the reformer performance. Unfomina.tely to 

date, no information is available concerning the kinetics of hydrogen production kiom 

diesel or its alkane surrogates. 

In addition to their significant contribution in investigating the optimnm conditions 

for the partial oxidation of fnel oils at low temperatures under cool flame conditions 
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[7,53,62,150], the gronp of RTWH in Aachen (Germany) has focused on the 

implementation of the cool flame regime prior to the reforming of fiiel oils to hydrogen- 

rich gas [150]. If this is realized, diesel fuels can be processed at low cost and with 

minimum formation of soot and low emission of NO,, SO, and CO, and thns, will be 

very good candidates as feedstock for fiiel cell technology. The authors [150] shiclied the 

reforming of industrial gas oil (IGO) under atmospheric pressure. Their aim was to 

complete a compact 5 kW demonstration nnit for use with a high temperature file1 cell. 

After preparation of the fiiel in the cool flame regime where the mixhire of the vaporized 

fuel and the preheated air were brought to 753 K, the partial oxidation is initiated in a 

second chamber by a spark ignition of the vapor mixture from the first chamber. After 3 

to 4 min, the gas temperature reached 1523 K and the flame was stabilized in a ceramic 

porons solid-state matrix. The &,-rich gas was directed to a high temperature fiiel cell. In 

this process, hydrogen and CO produced were each abont 20 % at an eqnivalence ratio h 

of 0.39, indicating a low conversion of the hie1 and an unacceptable high amount of CO 

in the reformate. In a project that is being planned, we propose to combine the cool flame 

preparation step with the catalytic auothermal reforming of the reaction products that are 

rich in oxygenates and expect to prodiice a high yield of hydrogen. 

Moon et al. [151] aimed to develop and integrate a gasoline reforming system with a 

PEM hie1 cell using POR or ATR. In addition to naphta and gasoline, iso-octane was 

tested as a reference hiel in the absence and the presence of 100 ppm sufiir to test the 

catalyst’s resistance. Also, high temperahire water-gas shift over Fe304-CrZO3 and low 

temperature shift reaction over Cn/Zn0/AlzO3 catalysts were investigated to remove CO 
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from the hydrogen-rich stream produced by the fuel-processing section. For iso-octane, a 

maximum concentration of hydrogen (67.3 %) was observed at an O/C ratio of 0.5, which 

decreased to 49.5 % at an O/C ratio of 2.0. The COz concentration increased from 14.7 to 

41.9 %, over the s'me range of O/C ratio. However, the concentration of the methane 

formed remained virtually unaffected by the O/C ratio. The overall trend revealed that an 

O/C ratio of 1.0 is ideal for the reaction at the H20/C ratio of 3. At these settings, 

hydrogen concentration remained around 60 % and was little affected by the reaction 

temperature in the range of 773-1023 K. The maximum production of HZ was obtained at 

a space velocity ranging from 4,000 to 17,000 K'. Reformnlated naphta containing 4.5 

ppm snfiir was tested using a conimercial naphta reforming catalyst (NRC). The product 

composition at T = 723 K and a space velocity of 4227 h-' was 49.8 % Hz, 1.77 % CO, 20 

% COz and 28.45 % air. After the high temperature shift, there was a slight increase in 

the Hz concentration, which remained constant during the low temperahire shift, whereas 

the concentration of CO abniptly decreased to 0.3 %. The authors suggested that in order 

to reduce CO concentration in hydrogen-rich streams and obtain a compact size fiiel 

processor, a preferential p a t i d  oxidation (high shilt temperahirc) reactor and a new high 

performance catalyst with sulfur- and coke-resistance wonld be needed. 

In their review paper, Ogden et al. [1521 compared hydrogen, methanol and gasoline 

as fiiels for fuel cell vehicles. They presented modeling results comparing three leading 

options for file1 storage onboard fiiel cell vehicles: a) compressed gas hydrogen storage, 

b) onboard steam reforming of methanol and c) onboard partial oxidation of hydrocarbon 

fiiels derived from cmde oil, e.g., gasoline, diesel and middle distillates. The idea of 
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generating hydrogen from conventional fuels is making its way and the progress of the 

last years in the reforming processes [143] renders it possible to envisage onboard 

reforming for file1 cell vehicles. Recently, Ahmed and knnnpelt [6] assessed the 

theoretical conditions of the three principle pathways (steam reforming, partial oxidation, 

and autothermal reforming). The reforming efficiency varied from 88.2 % for benzene to 

96.3 % for methanol and was correlated to the hiel properties and its heat of formation. 

Based on their theoretical calculation for some reference €ti& including oxygenates, and 

contrary to the widely held beliefs, the authors stated that partial oxidation and 

autothermal reforming processes are capable of higher reforming efficiencies than are 

steam reformers. More studies are needed to confirm these results. 

Besides improved dehydrodesu~irization of ftiels [153,154], attention has been paid 

to reduce coking on the catalytic surfaces [155,1561. Theses efforts will help in 

facilitating the nse of middle distillate hydrocarbons, including gasoline and diesels for 

reforming. Recently, Suzuki et al. [157] used a highly dispersed Rh on ahunina 

(Rn/&o3) as a catalyst to explore the steam reforming of kerosene. After 

dehydrosnlfiirization of the ftiel on a commercial catalyst (Cosmos-HDS catalyst, CDS- 

3), steam refoiming was performed in a fixed bed flow reactor, where the mixhire of the 

vaporized fuel and steam (ratio S/F = 3.5) passes throngh the fixed bed catalyst (Rn/ 

&O3) at 1073 K and a rate of 10 ml h-'. The prodncl distribution was determined by GC 

analysis. The conversion of kerosene varied from 72 % on Ni/SiOz commercial catalyst 

to 99.5 % on Ru/A1203 and the selectivity toward hydrogen varied from 60 % on Ni 

catalyst to 70 % on Rn/A1203. The concentration of CO and CH4 in the reformate was 
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slightly lower for Ru/A1203. When ceria (CeOz) doped the catalyst system, the sulfur 

resistance improved dramatically and the hydrogen prodnction from hydrodesnlfiirized 

kerosene lasted for more than 8000 hours. Therefore, this shidy [157] illustrates the 

possibility of hydrogen production nsing safe and easily transportable light middle 

distillate oil, such as kerosene. 

5. Impact of NOx emission and soot formation on the oxidation and reforming of 

fuels and the evolution of burner technology 

Dnring the oxidation and reforming processes, several parameters including the type 

of burner, equivalence ratio and the qnality of fuel have an influence on the pollntant 

emissions, namely, the nndesirable NO, (NO + NOz), as well as, soot formation, which is 

a source of carcinogenic polyaromatic hydrocarbons (PAH). In this review, we will not 

be concerned with sulfur oxides because sulfur can be removed by dehydrosnlforization 

[153-1541 and scnibbing [158-1591. 

5.1. Impact of NO, emissions on burner technology 

Outside the engine or buiner exhanst, nitric oxide (NO) formed will oxidize to 

nitrogen dioxide and react with unburned hydrocarbons in the presence of UV radiations 

to form a photochemical smog [2]. Experimental results show that NO, formation is 

influenced by the equivalence ratio, fiiel feed rate, the distribution of dispersion in diluted 

air, but the fiiel droplet diameter had the most significant effect on the change in NO, 

released [160]. In premixed or diffusion hydrocarbon flames, the main mechanisms of 
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NO formation are the Zeldovich “thermal NO” [1,2] and the Fenimore “prompt N O  

11611 as described by Delabroy et al. 11621. 

NO, can be reduced to Nz and HzO by selective catalytic rednction (SCR) with 

ammonia, which is an after-treatment technique used in stationafy diesel applications 

1163-1651 and scnibbing 1158-1591. Research is still ongoing to overcome the drawbacks 

of the SCR techniqnc, such as the narrow window of catalyst operation and the stability 

of catalysts [163]. Muzio and Quarhicy [166] illustrated burner and boiler concepts 

resulting in a new generation of low NO, porous surface radiant burners and the nse of 

intelligent software systems allowing the operator to reduce NO, emissions, while 

maintaining unit-operating parameters in the desired range. Fnrtheimore, they suggested 

that the fiiel NO, would need to be controlled differently from thermal NO,, since the 

nitrogen containing organic compounds can react at significantly lower temperahires. 

Low NO, emissions were also achieved by a non-premixed, direct fnel-injection burner, 

eqnipped with a unique double swirler for gas turbine combustors [35]. The buciier has 

circular and annular air channels to which swirlers are fitted. The inner channel 

coilverges into a throat, and gaseous (natural gas) fiiel is injected into the airflow by a 

mnltihole hiel nozzle. For the donble-swirler burner, the conventional small-hub swirler 

and the large-hub swirler bncners, the NO, emission indices were 0.5, 1.1 and 2.2 g k g  

fuel, respectively, indicating the lowest NO, emission level of the double swirler burner. 

The mixing of fuel and air is more rapid in the double-swirler burner, which results in a 

uniform equivalence ratio profile in the combustion region. This was suggested as the 

reason for the low NO, emissions. 
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Novel catalytic radiant burners have been suggested to provide an alternative low 

emission approach for firture applications. Emonts [33] has developed a catalytic burner 

that can be used for natural gas with hydrogen admixture in a heat recovery boiler for 

heat production and for methanol with hydrogen admixhire in a reformer producing 

process heat to be used in a he1 cell system. Experimental data show a NO, emission of 

less than 0.4 mgkWh and CO emissions from 0 and 13 mgkWh. In a more recent study 

using methane as €tiel [167], the buiner of a boiler was replaced by a metal honeycomb 

partially coated with a catalyst and operating as a radiant burner. It was shown that the 

NO, and CO emissions with the catalytically stabilized burner were 5.0 and 0.0 ppm, 

respectively. A catalytic burner with noble metal catalysts Pd/NiO, supported on alumina 

wash-coated honeycomb has been used to burn nahiral gas for industrial purposes [168]. 

Although, the stable catalytic combustion region depended on the catalyst thickness, the 

authors 11681 suggested that catalytic cornbustion has some special features, as the 

combustion efficiency was over 99.5 % withont blow off or flashback. 

More recently, the Canadian Gas Research Institute (CGRI) has developed a multi- 

jet, nominally non-prcmixed gas fired burner, intended to give low-NO, performance at 

high air preheat [36]. Fuel (natural gas) and air undergo separately extensive mixing with 

recirculating furnace gases (products of combustion) and arrive at the reaction zone 

diluted by furnace gases, thus, lowering the temperature of the reaction and reducing NO, 

emissions. The burner has NO, emission levels from 2 to 40 ppm at 3 % 0 2  and visually 

flameless oxidation process. The author stated that the mathematical model of the burner 

using commercial Computing Fluid Dynamics (CFD) software was capable of adequately 
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predicting jet trajectories 'and primary flow stnictures in the €timace. However, the 

predicted temperahire and species ( 0 2 ,  CK) concentrations depart from measured values, 

thus raising a question of how to effectively model three-feed processes under severe 

non-adiabatic conditions. 

A lean premixed-prevaporization combustor (PPL-1) for a 100 kW automotive 

ceramic gas turbine has been developed to meet the Japanese emission standards for 

passenger cars withont using after treatment [169]. To study the evaporation 

characteristics, which arc indispensable for improvement of a fnel atomizer, the authors 

built a €tiel-air preparation tube that consists of prevaporization-premixing hibe (P,P-hibe) 

and swirl chamber. The evaporation of fuel spray in the hibe with a small diameter of 34 

mm is controlled by the droplet di'meter and the distribution of fuel spray near the wall. 

Under the operating conditions, the non-evaporated mass fraction of fiiel spray is largely 

influenced by the drop size distribution and dispersion of the he1  spray. Sauter mean 

diameter (SMD) of the fiiel droplets and the non-evaporated mass fraction (NMF) passing 

through the hibe, decrease as the swirl number increases. The SMD of the fiiel droplets 

and the non-evaporated mass fraction (NMF) have an influence on the NO, emission 

indices. NO, and CO emission indices, for the same combustion inefficiency for 

kerosene, are lower than those for gas oil, became the SMD and NMF for kerosene spray 

are lower than those for gas oil spray. It shonld be pointed o~i t  that NO, reduction 

techniques involve a trade-off between NO, reduction and an increase in fonnaiion of 

other polltitants, e.g., CO, unburned hydrocarbons and soot. A drop in temperahire, which 

is the basis of many NO, reduction solutions, decreases the oxidation of CO and volatile 
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1 hydrocarbons [162]. These authors’s tests showed that the predominant generation of 

2 NO, in a single burner was dne to the Fenimore prompt mechanism. Further, they 

3 eniphazise that a large reduction of NO,, including prompt ‘and fuel NO, while 

4 maintaining zero levels of CO and soot was not observed in their novel 800 kW burner. It 

5 is plausible that reburning is responsible for lowering NO, in this novel burner, whose 

6 concept consists in recirculating flue gas with concomitant reduction in flame 

7 temperahire. 
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Among hazardous compounds originating from diesel engines, soot and NO, have 

attracted most attention. In addition to the selective catalytic reduction (SCR) of NO, into 

Nz and HZ in the presence of ammonia, the use of synthetic aluminosilicates (zeolites), 

generally ZSM-5, as catalysts for selective reduction of NO, in stationary diesel exhaust 

gas seems promising. It was shown that in the presence of Ce-ZSM-5 catalysts, NO, 

conversion could reach 70 % at 773 K in simulated diesel exhaust gas. Deactivation of 

the catalyst in real diesel exhaust gas occurs mainly in the first 60 h of operation [165]. 

Thereafter, the catalyst stabilizes and provides np to 40 %NO, conversion at 723 K. The 

authors [165] suggested that preparation of Ce-ZSM-5 via solid-state ion exchange 

results in a remarkably active catalyst. It is noteworthy that blending petroleum diesel 

with biodiesel can possibly reduce particulate matter emission from engines with a slight 

reduction in NO, emissions [170]. 

5.2. Impact of soot formation on burner technology 
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Beside the gaseons pollutants, whose level of emission is siibject to legislation 

[163,166], engine and burner technology is concerned with the formation of particulate 

matter and soot, which are also considered as major pollnt~mts of the atmosphere. The 

formation of soot during the oxidation and combustion of hydrocarbons is thought to take 

place via a number of elemental steps: pyrolysis, nncleation, surface growth and 

coagulation, aggregation and oxidation [163,171]. Some of the polyaromatic 

hydrocarbons (PAHs) formed during surface growth and remaining adsorbed on the soot 

surface are carcinogenic [163,172] and have harmful effects on health ofthe biota. 

In an attempt to understand soot formation mechanisms, the effect of temperahire and 

to predict soot yields in practical combustion systems, experiments were conducted by 

Sat0 et al. [173] in a tolnene/air turbulent premixed flame in a jet stirred combustor. A 

global soot model was utilized to analyze rates of particle nucleation, coagulation and 

specitic surface growth. Soot mass concentration measurements showed strong 

dependence of soot production on stoichiometry, residence time and flame temperature. 

Soot particle nucleation, growth and stnichire were also modeled [171] with a co~mputer 

code describing the general steps of PAH growth via the H-abstraction/acetylene-addition 

reaction sequence and the coagulation of aromatic species containing numerons fiised 

rings up to eoronene (polycyclic benzenoid compound with 6 fiised benzene rings). The 

computational results also showed that the surface growth rate is proportional to the 

acetylene (C2H2) concentration and independent of hydrogen at high H concentrations, 

but it declines at lower H atom concentrations [174]. 
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Using a modified version of the KJYA-2 code, three-dimensional computations of 

combustion and soot formation were performed dnring the burning of two reference fuels 

(n-heptane and tetradecane) [175]. Assuming acetylene as the emcial pyrolytic species, 

the model takes into account the fiiel-to-acetylene pyrolysis, acetylene oxidation, soot 

nucleation, surface growth and soot oxidation. Advances in modeling soot formation and 

burnout in combustion systems have been sniveyed by Kennedy [176]. The models were 

grouped into three categories: i) purely empirical correlations, ii) semi-empirical 

approaches that solve rate equations for soot formation with some inpirt from 

experimental data and iii) detailed models that seek to solve the rate equations for 

elementary reactions leading to soot. Ambrogio et al.' [177] achieved satisfying abatement 

(> 80%) of diesel soot by coupling ceramic-foam filters with carbon combustion 

catalysts. A conical fluidized bed of glass was used to disperse the soot produced by an 

acetylene burner, into the gas flow to assess the pressure drop and the filtration efficiency 

of the foam traps as a fnnction of the soot particle size, load on the filter and the specific 

velocity. The best performance was reached by using the catalyst Cs4Vz07. The 

mathematical model of the reactor was validated using experimental data obtained with 

catalytic and non-catalytic traps. In implementing a new soot model applied to an 

aeroengine combustor, Balthasar et al. [178] showed that good agreement between 

experimental and simulation was achieved for laboratory flames, whereas soot is 

overpredicted for the aeroengine combustor configuration by one or two orders of 

magnitnde. The authors suggested that the agreement between model and experiment 

would become better, if the surface reactions are calculated to be dependent on the soot 

surface instead of the soot volnme. 

i 
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Oxidation (gasification) of soot is of great significance for polltition control in 

industrial flames, auto engines and burners and can be achieved using different oxidants, 

including oxgyen (Oz), carbon dioxide (COz), water vapor (HzO) or nitrogen dioxide 

(NOz) L1791. The authors described the use of catalytic regenerative traps at high 

temperature (> 1073 K) where the combustion takes place inherently in the flames after 

formation of the soot at low temperature (573-973 K). The four-reactant gases 02, COz, 
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HzO and NO2 all oxidize and gasify soot. NO2 appears to be the most reactive at low 

temperahire in the presence of cerium and noble metals, which were revealed to be 

effective catalysts. Some attention has been paid to hiel additives acting as soot oxidation 

catalysts, including organometallic compounds, which can be dissolved in diesel fncl 

[163]. 

6. Conclusions and prospects for future research 

We have reviewed the most recent investigations on the prepafation, auto-oxidation 

and reforming of hiel oils. Bridging the gaps between these three entangled processes 

would lead to advances required to achieve higher energy production and efficient 

conversion of hels coupled with better control of polhition. This will boost human 

welfare and preserve the environment and the ecosystem health. 

In the last two decades, the abundant work on the oxidation of hiels was confined 

primarily to single component reference hels, especially, n-heptane and iso-octane as 

surrogate for the real fuels, such as diesel and gasoline, which are composed of a 
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multitude of complex hydrocarbon components including alkanes, naphthenes and 

aromatics. The investigations reported in this shidy show that the different steps of fiiel 

preparation, including atomization and vaporization, inflnence the partial oxidation, 

which is a paramount step in the burner systems, engine combustion and reforming 

processes. The preparation of fiiels is linked to the development of burner technology and 

the targeting to achieve higher efficiency of fiiel conversion coupled with lower emission 

of pollutants. 

The atomization and vaporization procedures have an important role in conditioning 

the oxidation .of fiiels especially at low temperatures around the cool flame and the 

negative temperahire coefficient regions, two phenomena still no4 well understood. The 

reaction prodncts resulting from the partial oxidation at low tempiratures. where the cool 

flame regime persists arc suggested to play an important role in the reforming of fiiels 

into hydrogen-rich gas. The recent investigations on cool flames $e promising to pave 

the way for several beneficial industrial applications inclnding generation of hydrogen for 

he1 cell systems. Fnrthermore, the cool flame can be integrated as a preliminary stage to 

buiner combustion. But to date, sufficient data are not available to develop this premise. 

Thus, fiirther studies arc needed to shed more light on the 'type of reaction products 

formed during the partial oxidation of fiiels at cool flame conditions and the conversion 

of these reaction products into hydrogen-rich gas upon reforming process. Therefore, a 

thorough examination of the role of cool flame in the oxidation and reforming of fiiels 

merit ample consideration. Processing of these complex fiiels via cool flames leads to 

reaction products composed of short moleciies, such as lower molecular weight alkenes 
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and oxygenate componnds, including aldehydes, ketones and alcohols. Like methanol 

and acetic acid, oxygenates are partially oxidized, and thus could be more easily 

reformed to hydrogen-iich gas than the parent fuel oils. Also, it is woith mentioning that 

biofiiels, which contain a significant proportion of oxygenates, could be good candidates 

A better nnderstanding of the fuel oxidation chemistry is linked to the progress made 

in kinetic modeling, which has proven to be a powerful tool in the analysis of many 

oxidation and combustion systems. In the modeling of oxidation mechanisms, the 

application of automatic generation techniqnes seems attractive where the extension of a 

core-kinetic mechanism to higher hydrocarbons is involved. Apparently, thc proposed 

low and high tempcrahire mechanisms for the oxidation process could be organized into a 
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comprehensive kinetic scheme able to simnlate the oxidation of natural gas, gasoline, 

diesel and biofiiels. Nevertheless, despite the development in the computing techniques, 

more experimental, and theoretical shidies on the kinetics of oxidation of real fiiels are 

needed. Even, the kinetic modeling of the oxidation of a hydrocarbon mixture containing 

alkane, naphthene and aromatic componnds with properties similar to real kiels, are still 

scanty. Although there is a significant progress in modeling the kinetic mechanisms 

related to the reaction products formed, ignition delay time and engine knocking 

tendencies, the literahire still remains limited primarily to the reference fiiels cited (n- 

heptane, iw-octane and to a lesser extent cekme). Investigations should be extended to 

the complex real hiels, namely, gasoline, diesel, Jet-fuels and biodiesel, which in addition 

to methanol, ethanol and natural gas, are considered as potential source for reforming 
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processes (catalytic oxidation) leading to the generation of hydrogen for hie1 cell 

systems. 

An in-depth understanding of the preparation and auto-oxidation of file1 oils, 

especially, using the promising cool flame procednre described in this review, will help 

to develop more efficient fuel reforming processes with acceptable yields of hydrogen. 

The proven techniques used in the fuel reforming processes are the partial oxidation, 

steam reforming and autothermal reforming (combination of both). Partial oxidation and 

autothermal reforming, apparently, give higher reforming efficiency in p.ractical 

applications, and thus, are more attractive. Although methanol seems a leading candidate, 

the presence of infrastnlchire for gasoline and diesel fnels, which have high energy 

density and can he carried safely, represents an advantage for these two petroleum 

distillates to be converted into hydrogen-rich gas via onboard fuel processors. To date, 

little is known on the auto-oxidation and reforming of biohiels or a blend of diesels and 

biofiiels, and th&, their investigation is recommended. 

Intensive research is needed to improve catalytic processes and uncover new 

generation of catalysts with higher activity, more resistance to sulfiir and CO poisoning 

and higher ability to reform gasoline and diesel fuels at lower tcmperahires. In this light, 

development of nmocatalysts (ultra fine particles of metals, metal oxides and 

composites), which are snpposed to have higher surface area than conventional catalysts, 

and thereby higher activity, will lead to cost effective reforming processes. This 

technology is still at the laboratory level, but it seems promising in the future. 
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Whether for the preparation, oxidation, combustion, reforming or burning processes, 

the techniques developed have the same concerns about environmental pollution. 

Therefore, measures are undertaken to identify and reduce pollutants, such as sulfur, 

nitrogen oxides, mono- ‘and dioxides of carbon, as well as soot emanating from these 

processes. This effort will help to meet the regulations, and thereby, preserve the 

ecosystem health. While sulhr can be removed from the fuel by hydrodesnlfrization, 

NO, emissions can be rednced by selective catalytic reduction with ammonia. However, 

the latter technique is controversial, and likely, advanced low NO, burners either for 

gaseous or liquid fiiels are required. The effects of the €ne1 nitrogen on NO, emission are 

still not well known. Apparently, the approach of spiking domestic fuel with nitrogen- 

containing molecnles, such as pyridine, may not be conclnsive, and thus, studies should 

be carried ont directly on cnide oils and petrolenm distillates. Burning of fuels also leads 

to the undesirable soot formation, which can be inhibited by using catalytic burners, 

catalytic traps and adequate reactors with inert surfaces. Based on the data of soot 

formation under different experimental conditions, the validation of the proposed 

mathematical models will help in better understanding the mechanisms of soot formation, 

and thus, figuring out new remediation processes. Advancement of the technicpes in 

burner and reactor designs is a dual challenge in decreasing pollutant emissions, and 

increasing the conversion of fiiels in the oxidation reactions. 

Since the mechanism of Zeldovich NO is limited to high temperature oxidations, it is 

of interest to examine the significance of Fenimore NO meehcmism at low temperahire 
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under cool flame conditions. Occurring at low temperatures, the process of the cool flame 

may play a major role in the inhibition of NO, formation. On the other hand, little is 

known on soot formation during the cool flame regime. Apparently, at such low 

temperature, there is little chance for pyrolysis. The reaction products are dominated by 

oxygenates, and hither, the presence of acetylene, which is a soot precursor, was not 

shown. It is likely that, soot formation will be very limited under cool flame conditions. 

Studies on soot formation dniing the oxidation of fiiels at cool flame deserve special 

8 attention. 
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Appendix 

A 

Bm mass transfer number (-) 

Bm thermal transfer number (-) 

Ci 

c, specific heat (J K-'kg-') 

cp,g 

d droplet diameter (m) 

d d d t  mass transfer rate (kg s-') 

E, activation energy (J mol-') 

hf,g 

11, convection coefficient (J K-') 

pre-exponentid collision factor (M s-') 

concentration of the specie i (mol m-3) 

heat capacity of the gas phase (J K-') 

enthalpy of formation of the gas phase (J) 

13 

14 k reaction constant rate (-) 

15 L length of the flow reactor (m) 

16 L, latent heat of vaporization (J) 

17 LHV lower heating vakm (J)  

18 ni number of moles 

19 P pressure (Pa) 

20 r droplet radius (m) 

21 R universal gas constant (J mol- K ) 

Ah,,, specific enthalpy of combustion (J) 

1 -I 

22 Sij sensitivity coefficient (-) 

23 t time (s) 
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T droplet temperahire (K) 

T,o 

T, 

T, 

v 

temperature of the droplet surface (K) 

temperahire of the stream around the droplet (K) 

temperature of the gas phase far away from the droplet (K) 

average mixture velocity (flow rate) (m s-') 

3d2/3t first derivative of dz relative to time (m's-') 

am/& first derivative of m a s  relative to time =mass transfer rate (kg s-') 

h air to fnel ratio (O~Liel)/(Oz/Fuel),,i,h(-) 

h, thermal conductivity of the gas phase (W m-' K-I) 

1+5 

V 

Fuel to air ratio = l/h (-) 

specific mass ratio of the oxidizer to the fuel (-) 

efficiency of the reformer (-) 

density of the liquid (kg m-3) PI 

,c residence time (s) 

71 ignition delay time (s) 
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Legend to Figures 

Fig. 1. Proposed major steps involved in fuel preparation for combustion ‘and fuel cell 

systems 

Fig. 2. Illtistration of a high flow air-atomizer (HFAB) burner head [29] 

Fig. 3. Reaction scheme of n-heptane oxidation mechanism, showing the main possible 

reaction products [45] 

Fig. 4. Effect oftemperattire on the reaction selectivity during the oxidation of n- 

heptane [14] 

Fig. 5. Conversion of n-heptane as a function of temperature. Oxidation of 0.1 % of 

fuel at 1 MPa and a residence time of Is, experimental: Plain line and predicted: 

Dashed [68] 

Pig. 6. Relationship between initial and final gas temperatures during atomization of 

fuel in a hot air flow (h = 1, p = 1 bar) [71 

Fig. 7. Cool flame temperature rise as a function of the €tiel type 171 

Fig. 8. Conversion of hydrocarbons as a €tinction of temperature and residence time, 

estimated from equation 27. The kinetic parameters are given in Table 1 
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3 component fuel (a-heptane) 

4 

Fig. 9. Distillation cui've of D-2 Diesel control fuel, Lot K-848 [I771 and a pure single 

5 

6 

7 Thomas et al. [51 

Fig. 10. Schematic representation of the oxidation and reforming paths of different 

classes of conventional and alternative fnels for fuel cell systems, adapted from 
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Table 1. Major intermediate prodncts of 3-ethylpentanc (C7H16) formed during cool 
flame oxidation (523-683 K) at p = 22 kPa. 3-ethylpentane consumed = 2.5 x 
moles [50] 

Product Yield* 
% 

Ethylene (major), cthane 17.5 
Melhanol (major), n-butanal + 2methyl-2-propene-1-al 10.3 

Acetaldehyde 7.0 
2-Methyl-3 -&yltetrahydrofiiran 4.8 
Pentane-3-one 3.2 
Propanal 2.63 
3-Ethylpent-2-ene (cis. and trans) 2.13 
2,4-dimethyl-3-ethyl oxetan (anti) 1.78 
2,4-dimethyl-3-ethyl oxetan (sym) + 2,2-diethyl-3-methyl 1.58 

Oxiran 1.56 
2-Ethyltit-1 -ene 1.13 
But-2-en- 1 -al 1.13 
Pent- I -en-3 -one 1 .00 

2,2-Diethyloxetan 0.90 
3 -Ethylpent- 1 -ene 0.75 
Bt~tan-2-one 0.75 
Propend 0.63 
Butane,2-methylpropene, pent-1 -ene,1,3-butadiene (major) 0.60 
But-1-en-3-one 0.53 

3-Methylpent-2-ene (cis) 0.50 
Ethanol 0.38 
4-Methylhcxan-3 -one 0.33 
2-Ethyl-3-methyloxiran 0.30 
Propylene 0.25 
Hexan-3-one 0.25 
Pentane-%one 0.24 
But-2-ene (cis. and trans) 0.22 
Propane-2-one (major) + 2-methylpropanal 0.17 
Heptan-3-one 0.16 
Heptanol 0.06 

Pent-2-ene (cis and trans) 7.4 

oxiran (cis) major 

2,2-methyl propene 1 .00 

3-Ethylpentane-2-one 0.50 

* % Yield = moles product formedhnoles of fiiel introduced 
% Conversion = moles product formedholes Foe1 consumed 

Conversion+ . 
% 

28.0 
16.6 
12.0 
11.2 
7.7 
5.1 
4.2 
3.4 
2.88 
2.52 

2.50 
1 .so 
1.80 
1.60 
1.60 
1.44 
1.20 
1.20 
1 .oo 
0.96 
0.85 
0.80 
0.80 
0.60 
0.52 
0.48 
0.40 
0.40 
0.40 
0.35 
0.23 
0.26 
0.10 
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1 
2 
3 
4 
5 approximate calculation" in % 
6 
7 

Table 2. Major intermediate reaction prodncts of n-heptane formed in different systems: 
(A) cool flame " static system", p= 13 kPa, T = 523 K, 02/p = 1; (B) fired engine 
" end gas", p > 3.5 MPa, T > 723 K, 02F = 9; (C) cool flame flow system, p = 
0.1 MPa, T = 538-723 K, 02/F = 4 [45]. (a) Values of Luck et al. [45] and (b) our 

8 Product (A) (B) (C)  
9 (a) (b) (a) (b) (a) (b) 

10 
11 Heptane 11.0 - 450 - 6.3 - 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

butadiene 
1 -butene 
1 -Pentene 
1 -hexene 
(1 and 2)-heptene 

2-methyl tetrahydrohiran 

benzene 
n-propyl benzene 

Tmns-Z-methyl-5-ethyl- 
tetrahydrofurme 

"Cis-2-methyl-5-ethylt- 
tetrahydrofurme 

2-Propyltetrahydrofran 
2-n-butyl oxiran 
2-ethyl-3-propyl oxiran 
Tmns-2-methy-4-propyl-oxetan 
Cis-2-methy-4-prop yl-oxetan 
2-n-pentyloxiran 
4-heptanone 
3-heptanone 
2-heptanone 

styrene 
4-heptanol 
3 -heotanol 

0.27 
0.63 
0.50 
3.70 
2.10 

1.61 

0.43 
0.03 

0.59 

1 .00 

0.30 
0.31 
0.07 
0.15 
0.68 
0.01 
0.10 
0.03 
0.09 

0.07 
0.03 
0.02 

2.1 
4.9 
3.9 
29.0 
16.5 

12.6 

3.4 
0.2 

4.6 

7.8 

2.3 
2.4 
5.5 
1.1 
5.3 
0.08 
0.8 
0.2 
0.7 

0.55 
0.2 
0.15 

0.36 3.1 
0.90 7.8 
2.28 19.9 
1.16 10.1 
2.0 17.4 

1.22 10.6 

0.06 0.5 
- - 

0.51 4.4 

1.00 8.7 

0.53 4.6 
0.23 2.0 
0.07 0.6 
0.16 1.4 
0.73 6.3 
0.04 0.35 
0.16 1.4 

0.04 0.35 
- - 

- - 
- - 
- - 

<0.01 0.13 
0.03 0.42 
0.19 2.6 
0.09 3.4 
1.02 13.9 

1.05 14.4 

0.09 1.2 
0.07 0.95 

0.73 10.0 

1.00 13.7 

0.49 6.7 
0.40 5.4 
0.12 1.6 
0.20 2.7 
0.55 '7.5 
0.12 L.6 
0.10 1.3 
0.16 2.2 
0.53 7.2 

0.17 2.3 
0.07 0.96 
0.06 0.82 

- - 41 2-heptanol 0.01 0.08 0.05 0.70 
42 *Assuming that the same initial amonnt of n-heptane was introduced in the different 
43 
44 
45 

systems and compared to the reference componnd h m e d .  The amonnt ofn-heptane non- 
transformed is 1 Ix higher than the reference in (A), 450x higher than the reference in (B) 
and 6 . 3 ~  higher than the reference in (C). 



106 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Table 3. Effect of the pressure on the conversion (%) of initial products dnring the slow 
oxidation of  n-pentane at 523 K, Fnel/02 = 0.75 [51] 

Prodnct P (*a) 
9.3 14.7 18.9 22.4 26.3 

Ethylene 
Prop ylenc 
Pent-2-ene10.8 
Acetaldehyde 
Propionaldehyde 
Acetone 
Butanone 
C5 Ketones 
Methyl vinyl ketone 
Pent-2-en-4-one 
2-Methyltetrahydrofr'an 
2-methyl-3-ethylorixan 
2-metliyloxiran 
Ethanol 
Pentan-3-01 
Pentan-2-01 

2.5 
0.4 
10.8 
26.4 
9.4 
23.2 
10.5 
1.1 
1.6 
1.3 
4.0 
1 .o 
2.2 
0.8 
0.4 
0.2 

2.3 
0.3 
8.9 
24.5 
10.3 
28.0 
11.1 
0.9 
1.2 
1.1 
2.9 
0.7 
2.2 
0.5 
0.4 
0.1 

2.1 
0.2 
7.0 
25.9 
11.1 
31.8 
10.5 
1.3 
0.8 
0.9 
2.0 
0.8 
2.0 
0.7 
0.4 
0.1 

1.7 
0.2 
6.0 
28.4 
12.7 
30.9 
10.9 
1.4 
0.9 
0.7 
1.9 
0.6 
2.5 
0.5 
0.4 
0.1 

2.0 
0.2 
5.1 
24.5 
14.8 
32.7 
11.8 
1.7 
1.2 
0.6 
I .7 
0.6 
1.2 
1 .o 
0.7 
0.2 

25 
26 
27 



107 

1 
2 
3 
4 
5 Fuel ~ ( s )  p(MPa) T(K) Fuel Conversion (%) References 
6 (a) (b) 
7 n-heutane 1 1 1 575 20 17 [711 

Table 4. Conversion of hydrocarbons from experimental (a) and calculated data (b), 
using kinetic modeling. A,: Eqnivalence ratio; <! Residence time 

625 59 48 8 
9 

10 
11 
12 
13 
14 n-heptane 1 0.2 
15 
16 
17 
18 
19 n-heptane 0.5 1 
20 
21 
22 
23 
24 
25 iso-octane 1 0.4 
26 
27 
28 
29 
30 isa-octane 2 1 
31 
32 
33 
34 
35 
36 
37 iso-octane 0.5 1 
38 
39 
40 
41 

0.7 

1 

0.7 

1 

1 

650 
750 
825 
930 

575 
620 
640 
683 

600 
625 
650 
673 
683 

590 
610 
675 
983 

625 
675 
750 
800 
825 
940 

600 
625 
650 
673 
683 

65 47 
9 38 
80 77 
100 95 

5 -  
42 - 
38 - 
27 - 

55 40 E O 1  
67 50 
74 52 
72 55 
59 52 

5 -  
36 - 
26 - 
20 - 

19 7 ~ 3 1  
15 6 
20 6 
50 3 
72 73 
92 100 

0 0  [I31 
8 12 
8 12 
8 8  
5 0  

42 
43 
44 
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1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Table 5. Temperahire dependence of reaction products formed from n-heptane. 
Experimental data (a) from reference [lo] and calculated valnes (b) from 
reference [78]. h: Equivalence ratio, T :  residence time 

Fuel h T (s) p (MPa) T (K) Compound mole fraction 

n-heptane” 1 0.2 0.1 627 c2H4 0 0 
c3H6 0 0 
c4& 0 0 
CsHio 0 0 
CH4 0 0 
co 0 0 

1 0.2 0.1 712 c2H4 0.80x10” 0.6~10” 
c3H6 0 . 2 6 ~ 1 0 ~ ~  50.0~10-~ 
c4% 0.12~10-~ 0.0 
CsHio 0 . 1 5 ~ 1 0 ~  0.0 
co 0 0.0 

1 0.2 0.1 777 c2H4 2.00~10-~ 1.0 ~ 1 0 ”  
c3H6 0.35~10” 0.12 ~ 1 0 . ~  
C4Fb 0.04~10” 0.015 x1O” 
CsHio 0 0.0 
CH4 0.40~10” 0.0 
co 2.50~10” 0.05~10” 

*Initial concentration of n-heptane: C, = 0.15 % V N  (1.5 x10-j moles) 
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1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
21 
28 

Table 7. Composition and physicochemical properties of selective fiiels 

Properties n-heptane" Cetaneb Diesel # 2c,d JP-8' 

Formnla 
Octane number 
Cetane number 
Density (kg/m3) 
Gravity, API 
Boiling point (K) 
Dist. Temp. (K) TIO 

T50 
T90 

LHVs (Btuflb) 

C7H16 
0 
53.6 
0 . 6 8 ~ 1 0 ~  

371.4 
371.4 
371.4 
371.4 

- 

- 

C16H34 
- 
100 

51.2 
560 
560 
560 
560 

20400 

c n H ~ . ~ n  C l l~ZI  

47.4" . 

0 . 8 5 ~ 1 0 ~  0 . 8 1 ~ 1 0 ~  
35.6' - 

492 
53 1 - 
572 - 

- - 

460 330-510 

-1 8600 '' 18,550 

Sulfur % - 0 0.26 0.05 
Carbon 84 84.95 - 132 
Hydrogen 16 15.05 - 21 
Pardns (%, v/v) 100 100 54.8d 60.0 
Olefins 0 0 2.41 2.0 
Aromatic 0 0 27.5 18.0 
Nephtenes 0 0 15.3 20.0 

"[16]; b[65]; "D-2 diesel control fuel lot K-848 [180]; '[65]; 'Average values from [17], 
6Lower heating value. 
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1 
2 [I391 
3 

Table 8. Conversion of conventional and alternative fuels by catalytic partial oxidation 

4 
5 
6 
I 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

20 

Fuel complete conversion, dry Nz free (%) 
Hz coz co 

Methanol 
Ethanol 
iso-Octane 
Hexadecane 
Toluene 
2-Pentene 
Gasoline 
Diesel # 2 

123 
853 
903 

928 
943 

1033 
1128 

-* 

60 20 18 
60 18 15 
60 20 16 

50 39 8 
60 22 18 
58 20 18 
50 20 20 

- - - 

* Not given 
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+ 0, + (4)n-heptylradicals + HO; C,H,6 

(4) heptyl peroxy radicals (4) heptencs + HO, 
(ROO-) (C7Hl.4 ) 
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isomerzation 

+xH 

4 
(22) hydroperoxy radicals (4) heptylhydroperoxydcs 

(. ROOH) ( R O O  

1 1 
(72) possible products (17) possible products 

i) C,-C, Ketones 
j) C,-C, Aldehydes 

1) Water 

a) C,, C,, C, aldehydes 
b) C,-C, o l e f i  

d) Oxiran, oxetan, tetrahydrofuran 
e) Tetrahydropyran, oxepan, oxocan 
f, Substituted “0” heterocycles listed in (d) 
g) C3-C7 Unsaturated aldehydes 
h) C, Unsaturated ketones 

c) C., ketones k) C,-C, A ~ C O ~ O ~ S  

Fig. 3 



T=620K 
Conversion 54.5 % 

T=820K 
Conversion 77.6 % 

P-Decomposition 
products 

0.98 

ROO. Conjugate olefins 
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r-----7 
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, ab f . 0 3 1  
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OQOOH 

IR/ 
E-decomposition 

products 

ROO. Conjugate olefms ,ye . QOOH 
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